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The details of the design, construction and the 
performance of a Fractional horse Power Single ’hase 
capacitor start and Induction run motor herein reported 
constitute a project work undertaken in partial fulfil¬ 
ment of the requer©meats for the M.Sc* Degree in Elec¬ 
trical Machine Design of the University of Madras. 

The course for the M.Sc. Degree conducted at the College 
of Engineering, Cuindy, stipulated the submission of an 
acceptable project work within a specified time and in 
accordance with the regulation this reoort is Presented. 
The study was started in May 1958 and completed by Octo¬ 
ber 1958. 

Chapter I deals with the scope of the Fractional 
Morse ~>ower Single ?> hase Induetbn Motor. The History 
of the Induction Motor forms the subject of Chanter II. 
Two of the well known theories such as Rotating Magnetic 
field theory and the cross field theory are discussed in 
chanters III and IT* Chapter ¥ deals with the correla¬ 
tion of the cross field and Revolving field concents. 
Application of symmetrical components to single phase 
Induction Motor is shown in Chapter VI. Some of the 
important problems of the Induction motor such as Noise, 
^ower Losses, Temperature»ris© and Rating of Induction 
Motor have been dealt in chapters VII, VII, DC and X* 
Chanters XI, XII, and XIII deal with Design, Construction 
and Performance* 
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The Induction Motor is the most extensively used 
of all alternating current Motors. In its simplest fora 
it admits of robust mechanical construction, and its rug» 
gedness and ability to stand rough usage make it a most 
desirable fcyos of Industrial motor. Probably at least 
80 per cent of the world's JUC. Motors are plain, poly¬ 
phase Induction Motors. (B.l) In America about on© half 
of the Induction Motors of 1 H.P* and Q ! /er have cage machines. 
This shows the importance of cage rotor. It consists 
essentially of a stationary Member, called the Stator, and 
a rotating Member called the rotor. The active part of 
the Stator consists of a core of laminations of sheet steel 
of about 0*8 M.M, in thickness. These laminations are slot¬ 
ted on their' inner periphery, and assembled in a steel yoke. 

♦ 

In these slots is placed a winding of the required 
nuhfcar of phases which may be of the concentric type, of 
the mush type, or of the barrel fcyo® with diamond shaped 
coils. <1*2. ) 

The rotor may he of the Squirrel cage type, consis¬ 
ting of bars of copper or aluminium placed in the rotor 
slots, and connected at each end by a solid ring of a 
cooper, aluminium or brass. 



If the starting requirements are such as to demand 
large starting torque with low starting current, then a 
rotor ofthe wound tyne with stio rings will he used and 
starting resistances will he used* This rotor is usually 
of the three phase type with either mush or diamond coils* 

While the Stator stay he of single chase or poly chase fcyoe, 
the rotor is always of the r '*olychase type (B.l). 

The Single ’%ase Induction Motor is in very wide 
use in industry, especially in the fractional horse cower 
field and is extensively used for oil burner, fans, blowers, 
office appliances, and certain types of assail tools* It is 
also widely used for refrigerators, pumps, compressors, wash¬ 
ing and Ironing machines* (B.4) * For use on the farm, it 
is used in sixes of from 1 to 7*5 h*p? from threshing, 
feed griding, corn-shelling, grain drying, corn-husking, hay 
baling, Milking, later pumping, bottle washing, MlIk cooling 
and also for Silo work* It is a very useful motor in re¬ 
latively small outputs* For large cowers it suffers from 

disadvantages, which are inherent in its characteristics, and 
is never used in cases whore a poly phase motor can be adopted* 
Chief among these disadvantages are; (a) out put only about 50 
per cent of the three phase Motor, for a given frame six© and 
temperature rise (b) lower Power factor, Cc) lower efficiency, 
and (d) has no inherent starting torque, and, therefore requires 
a starting winding with a phase splitting device. In spite of 
these drawbacks, it is admirably adapted for small at touts* 
Whilst the simplest in construction for all a*c. Machines,' its 

— 2 — • 


theory is more complicated than any. Its characteristics 
are deduced by two very different methods. The methods 
are known as (l) the cross field theory and (2) the two- 
revolving field theory (B*3.) 

There is an enormous field for fractional h*a* 
motors, and it maybe desirable to indicate some of the 
tyoes which are available. They are built for single pha¬ 
se, two and three phase supply circuits. There are three 
types of Single Phase motor available, namely the "general 
purpose** split phase, the "high torque" split phase, and 
the capacitor-start motor. 

The general purpose Split phase motor is built for 
110 to 285 per cent starting torque and 200 to 280 per cent 
break down torque in relation to full load torque. Its 
applications include oil burners, fans, blowers, office 
appliances, an<§ certain ty as of small tools. ft Is built 
in outputs of from 1/29 to 1/3 tup* for 60, 50 and 25 c/s 
and 115 to 230 v and speeds of 2850, 1425, 960 r.p.m. are 
available on 150 c/s. 

The Split-phase high torque motor has 200 to 300 
per cent* Starting torque with 260 to 350 per cant break¬ 
down torque in relation to full load torque* Its application 
include washing and ironing machines. It is usually built 
for 1/6, 1/4 and 1/3 h*o. on 60, 50 and 35 c/s for 115 
to 830 ¥« Approximate speeds are 1725 r*p.m. on 60 c/s 



1425 on 50 q/s and 1425 on 25 c/s. 

Capacitor start Motors are built for 300 to 450 
per cent starting torque, with 225 to 300 per cent break¬ 
down torque with low starting current. They are built in 
sizes varying from 1/6 to 3/4 h*p oa SO, 50 and 25 c/s 
with speeds of 83§0, 1485 and 060 r.p.m. on SO c/s. The 
size of the Capacitor is 70 to 80 micro, f. for 1/8 !!. P. 120 
to 180 micro, f. for 1/4 h»p. and 230 to 288 micro, f* for 
4 ff*7« The starting winding is opened by a centrifugal switch 
at approximately 70 percent of synchronous speed. The start¬ 
ing torque is of the order of 3 to 3.5. 02 ft/A of starting 

current at 110 7. These machines have high efficiency and 
power factor and are ideal for compressors, pimps, stokers, 
refrigerators, and air-conditioning equipment*) (2*4); 

It should be stated that the starting winding, with 
its capacitance in series, is sometimes left permanently in 
circuit when running. The motor is then operated as a rather 
unbalanced two Phase motor* When so seed, the capacitance 
used is much smaller than when used for starting .purpose onl/ 
and is. of the order of 3 to 15 mieco* f. The starting 
torque is much smaller in this case and of the order of 40 
to 50 mv cent full loud torque. An electrolytic p capaci¬ 
tor ia used for starting purpose, and a paper capacitor for 
permanent running ( 8.2) 


4> 



Polyphase motors of the Ssgiirrel cage type are 
Milt for outputs is the fractional h*p* range of 1/6 
to 3/4 h« o« tor 2, 4, anti 6 poles* 
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The discovery by darnbey, the instrument- maker of 
’■'arts, that a caompass needle, when disturbed and set osci¬ 
llating, comes to rest more quickly when it is in the 
vicinity of Conner, than whenwood is near it, was made in. 
1824, At that time also Barlow and Marsh, at Woolwich, 
had observed the effect on a magnetic needle of rotating 
it near a sphere of iron, Arago published, in 1824, on 
account of an experiment with a compass needle within 
rings of different materials. In this experiment he push¬ 
ed the needle aside to about 45® and counted the number of 
oscillations made by the needle before the swing decreased 
to 10°. With a ring of wood the number of oscillations 
was 145? with a eoooer ring 66; and with a stout copper 
ring only 33. la 1888 he suspended a commass needle over 
a rotating cooper disc and found that, by turning the disc 
slowly, the needle is deviated out of the magnetic meridian* 
By rotating the disc fast enough he found that continuous 
rotation of the needle could be produced. The brilliant dis¬ 
covery by Faraday, in 1831, of electromagnetic induction pro¬ 
vided the solution to the question of the origin of forces 
present in the above experiments of Oambey, Barlow and Marsh, 
and Arago. Faraday showed that the rotation of the' Arago 
disc was due to induced currents, set up in the disc by re¬ 
lative motion of disc and compass needle. From 1831. to 
1879 this valuable discovery produced no further results* 





In £une, 1870, Hr* Walter Bally read a pa oar, before the 
Physics! society of ?,ondo» f on * A aode of Producing iurago’s 
Rotations. ! * Bally used a fixed electromagnet with four 

magnet cores joined to a yoke* 

The four magnet cores were about 4 in* long and each 
was wound with shout ISO turns of insulated copper wire of 
2*5 sum* diameter* The coils were connected two and two 
in series, similar to two independent horse-shoe magnets 
and were set diagonally across one to another* 

The two circuits were connected ®paratel. y to a 
revolving commutator, built up of a simple arrangement of 
springs and contact strips mounted on a piece of wood, 
with a wifre handle by which It was turned* By rotation, 
the currents frets two batteries wore caused to be reverend 
alternately la the two circuits., and this gave rise to the 
following changes in polarity of the four polos* 

I? 0 3 3 8 If S H 8 0 

In this rotating magnetic field a cooper disc was 
suspended* ?!@ stated* " The rotational the disc is due 
to that of the magnetic field in which ft is suspended, and 
we should exnaet that, if a similar notion of the field 
could be produced by any other means the result would be a 
similar motion of the disc." Ho also suggested that if 
a vfo ole circle of poles were arranged under the disc, suc¬ 
cessively excited in opposite pairs, the series of impulses 
all tend to make the disc revolve in one direction around 
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ths axis, sod added ? * In one extreme ease, toan the 

number of eleptromggiiats Is infinite, we have the ease of 
a uniform rotation of the -magnetic field, such as m obtain 
by rotating permanent magnets** It is clear that Hr •Bally 
had grasped the fundamental principle of action of the 
induction motor, and the motor he exhibited before the 
Physical society, in 1879, was the first induction Kotor, 
hut it needed later important discoveries of methods for 
producing the revolving field by means of alternating cur¬ 
rents to make it the useful machine tfa£ is today* The 
next discovery was made by Marcel Depress in 1883* 

Depress fed alternating current to a coll, which 
produced an alternating or oscillating field along the Ox 
axis* He supplied another coil, whose magnetic axis made 
an angle of 90° with the ox axis, with alternating current, 
whose phase difference was 90° in time from the current in 
the first coil, and showed that a revolving field of constant 
amplitude could be produced. The frequency of the two cur¬ 
rents was the same* Ha also showed that if the two currents 
were of equal period, but not of eqgual amplitude, an elliptl- 
cally rotating field was produced. The number of turns in 
each oil was the same*. 

Professor Forrarts arrived at the same conclusions 
as Wily and Depress in 1885, and apparently without knowing 
of the work of either* His paper on rt ELeetr©dynamic Hots-* 
tions produced by Means of Alternating Currents” was pub¬ 
lished in 1888* He -suggested toe method of obtaining cur¬ 
rents, differing in phase by imrly 90^, by inserting a- reals- 



tance in one Minding md Inductance in the otter, thus 

making the ratio 0 ? small In one winding 

Resistance 

and large in the ither. This method* it may he'noted, 
is largely used for starting up single phase motors# 

Then followed the great work of ifikola Tesla bet¬ 
ween 138? and 1891, lis researches placed the induction 
motor on a sound foundation# His patents were sold to 
the Testing House company of ^series* whoso pioneer efforts 
in this field must he recognised* In that period, khowaver, 
the only ac* supply circuits were single phase* and the 
frequencies were 133 and 125 e/e* These supply circuits 
were obviously unsuitable for the development of the motor* 
ta 1391 the Electrotechnical exhibition at Frank¬ 
fort was held, and three phase transmission of power was 
demonstrated. Two turbine-driven three-phaso generator® 
were Installed at lauffen, generating 1400 A at 55 ?. 

The frequency was 40 c/s. Three phase transformers were 
installed, at each end of the line, to- raise the voltage 
to 8000 f at tsuffen, and to reduce it to 65? at Frankfort. 

The distance of transmission was 110 miles* This bold 
experiment demonstrated the feasibility of three-phase trans¬ 
mission of erargy* The load consisted of a 100 hp* three- 
phase motor and also lanes* Several Carman firms exhibited 
different types of three abase induction motors at the ex- 
hibtton* One three-phase, 36 h.p motor had the three-phase 

supply brought, into the rotor by three slip rings* the secon- 

/. 

dary circuit, being the stator winding, consisted of a closed- 
circuit winding. Several motors, built by Oerlikon Co*, 



in the design of fiose motors* This motor of Brown’s closely 
resembled in construction the motor of today* From the 
short account given,, it will fee realised that much pagress 
was mads mrely as the result of experiment, and that much 
theoretical investigation was needed to explain the reactions 
taking place in the motor and also- to show how it could fee 
designed to give the characteristics desired* To that end 
it was necessary to give a lucid theroy of alternating cur- 



shown to fee a circle* In 1894, Kapp gave a very lucid de¬ 
monstration of elementary account of the phenomena in induc¬ 
tion motors* The polar diagram was developed and included 
the primary resistance fmd a leakage* ills diagram was given 
for each point of the load, and gave no general solution ' 










shewing how the different e har ;>cteris s 


vc 


d with the 


load* 


In 1895, Blondel gave his 
Properties of Reviving Magnetic Field s** 


on ° ?3o i« general 
tn these paieri. 


publis hod in FcXatrage Electriqua, ho uttfoldad »*h.j theory 
of the composition of magnetic flaxes* intclud Ing ,o 

fluxes* tft 1395, also, the late Mr* B*A* Bahrenct proven 


that the locus of the primary current of* the ul t€> nafelng 
current transformer Is a circle in th® Polar diagrams, 
provided the primary resultant magnetic- field. ta constant* 
Ths circle locus of the- induction mior- was almo shownby 
A* Holland in 1394* There has been much controversy about 
priority in thte discovery* w art of t*!her credit ?m»t be 
given to Dr* Bedell, who etftteds * In. an:/ circuit or a o v*~ 
tus with constant reactance and variable power consumption, 
the current will ha ve a circle locus If* the suopty voltage 
is 001 ^ 00 ^* This was Hrst shown by Bodtalt and Crehore 


In 1892* 


Bedell also states? * That the induct;two motor 
nearly fulfils those conditions and ttgfe 11* current locus 
la practically the are of a circle, wmm first shown by ffey* 
land in 1894*** It Is also stated that fCu sp and Bohn* * -achu 
berg first pointed out the identity of tbe> theory of the a*c 
transformer and the induction motor In. 1S0B and 1894* 

The circle diagram in aae today is undoubtedly due 
to Behrend, and one is impressed with the beautiful slmpli- 
city of the diagram, and the ease with which the eharnet«rU~ 
tics of the motor are determined fro® it, oomwnds % to the 


Although the rotation of dimensions to eharacter4s- 
tics was known about 19 ; )0 or so, ifc remained to determine 
the effect of harmonics, die to the distribution of the wind¬ 
ing, and also d us to slots, on the performance of the motor* 
Analysis of the ®»a»f diagrams showed that several rotating 
fields were produced, the fundamental and various harmonics* 
These fields rotate at different s poods with respect to the 
rotor, and some rotate in the same direction, some in the 
opposite direction, and produce both driving and retarding 
torques* Such harmonics may, and do, produce noise and 
vibration and may, by producing saddle backs in the torque 
curve, prevent the machine from accelerating to full speed. 
Especially is this true la pole-changing motors. Tflts 
question of noise has bean investigated by g* Frit m and 
Xron and Chaorasn. A large number of papers has been written 
on this very, important subject * 

The question of improved efficiency has resulted in 
improvements in the manufacture of steel laminations, by 
the introduction of silicon in various per caatages. Brands 
known# as staltoy and Super-stalloy base been introduced., 
and are used in those cases where it is necessary to keep 
down in the iron losses,' in totally enclosed machines, and 
especially in machines for 490 e/s f such as are used in con¬ 
nection with the automatic pilot for planes. 

Then the question of eddy-current losses in conduc¬ 
tors has been throughly investigated by A*f§* Field and 


cithers* 



The trend Is towards greater and greater output from 
a given mass of materials, and this cars only be effected by 
scientific design and proper proportioning of the machine. 

The'introduction of Silicone Tarnishes for insulation has 
removed the conservative temperature rises formerly allowed 
and resulted in smaller machines for a given out out and 
speed. 

Ventilation is another problem, which has received 
much attention and is one of the most important factors in 
increasing output from a given frame* ?iuch more research 
is still needed on this important question* 

The question of Speed control in Induction motors 
has received much attention* The induction motor is essen¬ 
tially a constant speed machine, like the d.c shunt motor 
and this is, in some case, rather a serious draw back. There 
are many industrial applications where speed control is 
necessary and the Induction motor is the ideal motor for 
many such application being simple, rugged and reliable, 
but various methods must be adopted to secure efficient 
spaad control which spoil Its simplicity. The methods adopted 
are (1) Pole changing (2) cascade connection; (3) casca¬ 
ding with commutator motor; (4) change of frequency supply* 

The induction motor is now the most widely used of 
all machines* ft is doubtful whether the large cower system, 
now in such extensive use, would have bean developed if this 
motor had not been developed, tfhat it means to the economy 
of the world is appreciated by few people outside the engineer¬ 
ing world. In the fractional horse-power field, its develop- 



sent Is phmomml aod it is applied in every fora of 
industrial sad domestic work* Tn tills field it takes the 
torn of Single PKutse and Three* :%ase type* 





The.Rotating Magnetic yield Theory 


3*1. Seneral f3iscussto% 

In its general form*, the e*e* motor comprises one 
or more stationary circuits and one or more rotating ©la- 
trie •circuits inductively related to the stationary circuits 
Energy is transferred from the stationary to the rotating 
circuits through the medium of a common magnetic field* la 
this discussion the magnetic field is in general considered 
the resultant of two fields rotating in opposite directions. 
These two components are not necessarily equal* in fact one 
of them may vanish and the a resultant is then a uniformly 
rotating field* as for example im a polyphase machine* Only 
motors in which the magnetic reluctance is uniform in all 
directions will be considered* that is* motors with projec¬ 
ting poles are not Included* 

There are then two main groups of motors to be dls- 

m 

cussed* the Induction type* in which the rotor circuits arc 
short circuited upon themselves* and the commutator type, 
in which the rotor circuits are either short circuited or 
connected to an external circuit through the commutator# 

A number of essential features are common to both types# 

Thus at any speed the m.afs of the rotor rotate with velo¬ 
cities which* combined with the velocily of mechanical rota¬ 
tions, are always equal to the velocities of stator field®. 
The common magnetic field is produced by an aun»f which is 
the vector sum of the stator and rotor «fs* 



\4hm running at any slip, % there are in ganral 
twn if Stages Induced in the r at or circuits of frequencies Sf 
and (8~S) f t according 'to whether it is indue ad by the 
field rotating in the same or ;la opposite direction to the 
rotation of the rotor, whare f Is the stator frequency* 

In magnitude the induced voltages arc of course proportional 
to their respective frequencies* As this view point obvl*»s* 
ly eliminates the necessity of considering the rotational 
and transformer voltages. Separately, the solution of many 
pnbloms arc greatly simplified thereby. The torque dove- 
loped fey eith'-r field is a!s& readily determined, It being 
in all cases the product of the field, a*®* f of the rotor 
circuits revolving in the same direction as the field and 
the sine of the angle between them* 

As already stated, the voltages induced In fcha rotor 
circuits are of frequencies Sf and C 2«$> f. In the Induc¬ 
tion type the rotor currents resulting from the voltages 
eie likewise of frequencies Sf and (8*s) f« However In. the 
eonantatar type the resulting rotor currents are & all speeds 
converted by the commutator into line frmqmmy# In their 
magnetic reactions the rotor currents become fixed in space 
by the ©owaitator and the rotor circuits can therefore be 
considered as remaining stationery in every respect, except 
as regards the magnitudes of the induced voltages, which a re 
determined by the frequencies of slip as pointed out. 

•The rotor currants becoming fixed in space by the 
commutator is the cause of some essential differences in the 
operation of the induction and coadutator tymes. Sum -rotor 


^l/tW 



Thus in Indwelt ©a machine? the reactance of the rotor cir¬ 
cuit changes with the slip, will 1 © in the commutator iyoe 
it is the saws at all snoods* ' l2so, by shifting the bru¬ 
shes on the eommutaOtr, the relative position of the 
stator and rotor m*m*fs is changed so that the voltages 
that are induced in the stator circuits by the rotor cur¬ 
rents nay be advanced or retarded In time* This becomes 
of importance? when ant external «sf is impressed on the 
rotor as it introduces the perslbiXlt,/ of Power factor cor¬ 
rection* 

The subjects of Power factor correction has lately 
been the object of considerable discussion and the readiness 
with which the rotating field theory lends itself to the 
analysis of just such problems? involving a emplacement 
angle between the stator sad rotor currents is another marked 
advantage of this method* Application of the method to the 
analysis of some proposed schemes for **m#ar factor correction 

m 

will be taken up In mathematical section* 

However, before taking up the mathematical discussion? 
it will be shown by way of Illustration how readily the method 
can be spoiled to the much discussed problem of calculating 
the performance of a single phase induction motor* 

Consider a single phase motor and 2 two phase motor 
of the same constants per circuit as the single phase machine* 
Then If H be the impressed voltage and t*> the current per 
phase of the two phase motor at slip s 9 the apparent lap®- 
dance per phase Is „ _|- , similarly If T b Is 

the current per phase when running backwards at the same 


speedy the apparent impedance* at slip ( S*s) is _ g 

% 

It is then s hewn in the appendix that the apparent impe¬ 
dance of the single phase motor at slip s is 




and the current of the 


Single phase actor Is 




T a » Tor .'fa® 


of a phase motor at slip s and 


= Torque at slip <2»s) 


Tha torque developed in the single >ha se motor at slip & 
by the field revolving in the same direction as the rotor 
then is 

O 

T 1 * “T - X Ta vlmra 

„ Z a I a 

9 1 - ."T" 111 . end the torque developed by the 

opoositily rotating field* 

where 

The resultant torque of the single 

T a ** T i * t 2 * the remainlog quantities* 

power* efficiency and power factor mn he determined directly. 
Ttes f by extremely sl&ple calculations the Performance of a 
single chase motor is derived, from' the performance of a two 
phase motor is derived from the performance of a two phase 
motor of same constants per circuit. Which one of the numerous 
methods that have been devised for calculating the osrforraanc® 
of a 2 ohas® motor to use is, of course* a matter of choice* 






IS 




fe 


HJ- 

'S 

ohas® motor at slips* 


iC* 
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it is dosi:. , e<t to calculate the performance from 
the running ami locked test readings., the locked single 
■phase readings can be used directly in calculating the two 
abuse performance* "%o single plat so no load reading with 
the rotor short circuited, that is, running light, cannot 
bo so used, because the exciting admittance per pahse of 
the two phase motor is then a little more then one half 
the single phase admittance, or, what amounts to the seme 
thing, the two phase no load impedance per phase is almost 
twice the single Phase no load Impedance. The an mint by 
which the two Phase lapddance falls short of being exactly 
twice the single phase no load impedance is obviously the 
apparent impedance per phase whon running backwards at full 
spaed. Since this latter impedance is almost independent 
of the exciting currant it can readily bo determined, to 
a high degree of accuracy. On the basis of the modified 
single phase no load 'reading'the diagram of the two phase 
motor dan be constructed and. the single phase p* rf or®anc© 
calculated therefrom, 

3 * 9 I f §tj|giMti&8l, J &aggsg&g Q. .tor Jyo^mpg..it Ay^Botatin.g .fields 

A current with maximum value I and varying periodically 
according to the cosine law is usually represented by the 
expression I cost trfc where w .* 2 it f, f being the frequency 
Using the exponential form of the cosine a sinusoidal current 
may be represented by a pair of rotating vectors, that is I 
Cos wt may be written 


B' 
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Many camber some trigonometric expression sad transformations 
are fre-?uontly a voided by the use of this notation* That 
is the express!$a I sP' represents a vector revolving 

nmmmt 

2 

in counterclockwise direction with angular velocity v is 
readily seen by writing ( 0o8 wt ,. r einwt) 

end assigning to t a series of increasing positive values* 

Use Impress! on 

3 « -X-* ( Cost wt »3!Slri urt ) 

is likewise see® to represent a vector of same length anil 
revolving In clockwise direction* Tn the figure let a 
current I Cost wt be flowing in a coil Ilf of a turns* 

The instantaneous value of the m.ra.f of the coil then 1® 

»I Cos wt or in the above not!at!on 

JOJ** + -JLJ—;; ~~ svt 
2 2 

As the auauf Is a directed quantity in space the 
first term of this expression represents a Hura.f of constant 

intensity H i rotating in positive direction, and the 

2 

second term represents a m*m. f of same intensity rotating 
in opposite direction* let the- coil B*x be turned'through 
an angle of 0 radians in positive direction and its »*a*f 



liiiili 


pi' gfggj 

/. • ' ' ; '/ ' 
III:;. 




ft ? ' 9 ' ' '■?: 


iilliill 
: ■ :■■■ ; 


mill 


■ ; V ^ 


,.' , ■ yy \ '’'- 1 ’ ■ , ■' i ’ 


+ jrJMi) E T0 

n^I s 1, ( vt + 0)+ n. I g -er;(wt-0) 

*£» 2l 

that is, the m*sa*f revolving in positive direction has been 
advanced 0 radians and the ta-anf revolving in negative 
direction has been retarded 0 radians* 

The most striking feature of the poly phase system, 
that it can oroduco a rotating magnetic field of constant 
intensity, is most readily deduced by the use of thisnotation* 








I'O illustrate assuiao m coils* syntaetrlcally fes ssd os s 
cylindrical core* the space angle feeing 2 r? radians* 


«A 4 

a 


*lhe coils ere excite! by currents r* differoiiig in oh* 
^ radians* The of th© k ^ coil- ia 

sli 


o’ 


X <wt + 2 tt k/ra) 


*J <wt+ 2^k/m) 


T 2Fk/m 


and the total ausuf of all the coil is 


r* -1 

^ k 
0 

m~% 


» 3" < wt+ 2rk/m) - x(wt+ 2 vk/m) 

a 4- S 


Jz: k rut 3# r 4Jk/a) 

» I" 


0’" ' ™ *® * 4*. 0*^*- & HX B 


• oit 


* 


I** 

h 


Wr* 1 


since 


0 


k. nZ S 

sr 


¥ C wt+ 4rk/ra) 


■s.a-ut is the resultant &*m*- f of the constant intensity 
iant/2* and rotating in negative direction. If the s&grj 
of either tits© angfel or space angle be changed the result 
taut m»m»f is seen to rotate in opposite direction* 

In the previous figure let Zm be the rmtual impedance 
between mils M and I*!! 1 when in co-axial position* The 
Bolt age induced in the coil n*?j* fey the current flowing in 
m then I© 2® I. mm 1’B* is turned 0 radians in posi¬ 
tive direction the voltage induced by the positively rotating 
field of ifif is retarded 0/ radians* and becomes zm T 

"V " s 

i>4 

and the voltage induced by the negatively rotating field is 
advanced 0 radians and becomes 2m.X g 3!« . The voltage 


Induced by both fields is 





the rotor circuits of the single phase iaduefeitsn 
motor feeing short circuited upon ttaselves in all directions 
constitute a poly phase system, and for convenince will be 
considered two These with constants determined accordingly* 

Assume the rotor to fee revolving at slip s and consider its 
direction of rotation positive* Using the customary no¬ 
tations let Zm * r m ♦ ~r m « actual inductive impedance 
between stator and rotor circuits# 

Z Q * X + gr » Self inductive impedance of primary* 

Zj * r l + B x i * Self inductive impedance to rotor 
current of frequency 8 f *1 

* Secondary reactance at standstill in terms of primary. 

% 81 r^_ + 1 ( 2-S) » Self inductive impedance to 

rotor current frequency C 3»S)f* 

8 « Volts impressed on primary* 

Is a Primary current# 

ll a positively rotating component of rotor current# 

Jo a negatively rotating component of rotor current. 

4m# 

■ v «' 

The vola|e» induced in the primary then ares fey the 
primary current# 

t- + m < 2L. ♦ 2L ) I. fey the positively rotating rotor 
current % % fey the negatively rotating rotor current Z m l^ 

- IP* 

the currents % and X 2 feeing Wo- phase have full inductive effect. 




The sum of these voltages equals the Impressed felts. 


< r l m 4 4 


; Q ) I # * 2 a Tj 4 % 


the voltage® Induced in the rotor ares 

by ths positively rotating component of primary current 

S 1 0 


by the positively rotating component of rotor current 
C « Z n 4 Z % ) t t 

by the negatively rotating' component of primary current 
C a»S) ( 2 m ) t a 
2 

by the negatively rotating component of rotor current 

■( a.S) Zm + Zs )]l 2 

The sums of voltages of frequencies Bf and (3-S) f mm 


separately e 

qual to zero, hence 



S 

^ *8 
2 

■ 4 < S 4 Zj^ ) X«j 

^ Stt 0 

or 

<5 7 1 

ifl 

tg 

2 ( s y, a 4 % ) % 

ss 0 

and 

{2**>s5 

% 

s 

1 4 { 2«*S) 3jg 4 

%>] 

» 

(2-S) 


4 [< a-s) z m 4 

% >] 3 

in, * > 

«Sl 


0 or 


The ®»mf* equation of primary ami secondary are then 


< Z m * Z 0 ) I, 4- Vl * Z B I 2 • * 


S Z* I, ♦ 3 < S Zb + Z X ) l! » 0 | 

1 7 

(2-S) Z m I s 4 2 ( 2-S) 2 a 4 Z 2 ) % » 0 | 

$ olving these equations. 
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S #3*8) 7 % (3-S) Z 
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£ 2 0 [s C 2*8) 2^*4. <2-S> ^ % 


£ § nf® 

S3 1 ' 


+ * W % 2 s] 


+ S K„V ZjZg)] + z % [(8-S) z^ 


£> £,, m ^ <& 
•v3 £* 


•”f 1*3 \ 

v x *2' 


- R s ;^ [( 3-S) Z a ♦ Zg)]_ 

g %[s (2-*S) 2^ + (3-S) %%+ S Z m Z$+ %2s)] * ^[(2-S) %% 

♦ s ^ ^ )] 


+ s z«z 


Jtyj 25 


-SC 2~S) S ffi < S Z m ,* Z x ) 


2 Z 0 [S ( 2-S) z** (3-S) Z A+ S Z n V X^)]* Z ^ 8-8) Z A 


♦ Si 2« + 2 Z%Z 


J *** (4) 

Tha equations of a- 2 ohass motor of sam© constants purchase 
are easily found to 1.:® 

( Z„* z 0 ) I 0 ♦ 2 m V * B 

S Z a X 0 +(S Z + Zj^ J,' = !> 
where I a * primary cur rent per phase 
and T^* 3: Secondary current. 


Were from 
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B ( S 4 + %) 

S ZJ2L+ ZJZ-* 2 rt z, 
mo ml 61 


The apparent impedance per phase of the two phase rabtor afe 
sill) s then is 


jjf. 


& Zjfa ♦ Vl * 2 0 % 


s 


o 


>7 4 »T 

V* - n 


The apparent impedance at same speed rotating backwards is 


t? 


( a-s) z„y w : „ § 

0 1 o (2-S) 2a + Zg 

Adding the apparent impedances of both rotations 


2 a 4 \ * 


S 2^ m 

8 2 a ♦ % 


C2-S) ^2 a 4 Z | g 4. a o 2 2 
<B-S) Z„ + Zg 

2 Z„ fs (2-S) Zj, 2 + <2-S) 2 , 1 , 2 !+ S S^Zg* ZjZg] 
S (2-S) 2^'"* 


? 'm [< 2 ~ S) z a h* S W 3 h\ 

4* {2**C} Zjjj Zj+ S Z^2» gt Z-^Z ^ 

Comparing with (3) it will be seen that the apparent imoedeance 
of a single phase motor at slip s Is on© half the sum of the 
apparent impedance of a two phase motor of same constants at 
slips s and (2-s). Further more, if the impedance drop 

^sl~JL be substituted for 1 in (6) the result is identical, with 
2 




(3) showing that the low frequency component of secondary 
current is equal to the two phase secondary current at this 
reduced voltage. Similarly the high frequency component of 
secondary current is seen to he equal to the two phase sqcoes~ 
dary current at slip (2**s) and the voltage reduced to 

2j, I g 

p torque components of single phase motor is 

positive and negative directions are likewise seen to be 
equal, to the torques of the two phase machine at eorresoo nding 
slips and reduced voltages. 


I'u follows therefore that in calcualtlng the performance 
fey the geographical method there is no need of a special 
diagram for the single phase motor, the same diagram being 
applicable to both polyphase and single phase motors. 
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The Cross ?le ld Theory* 

Alternating current saacWLnes nay bo analyzed accord- 
lug to ot th©r the rewlviag field or the cjerss field theory. 
Each of these theories has its own Individual merits depen * 
ding more ot toss on the type of machines under considera¬ 
tion. Bom phenomena are sore easily understood fey a 
study following the revolving field theory, and other 
shenoaena are sod© ■-ore clear by the use of the c«*s field 
theory ( 1.1). 

As for routine calculation of performance charac¬ 
teristic® of alternating current machines, many graphical 
and analytical methods have been developed. These dif¬ 
ferent methods also have their own individual merits and 
the choice of a method of calculation should depend partly 
on what is most desired? e.g speed, accuracy or aid to. 
visualisation. 


Therefore, we aay say that, in general, neither 
the revolving field nor the cross field method of analy¬ 
sis and no one method of calculation, graphical nr ana¬ 
lytical should he used exclusively. Although this chap¬ 
ter deals only with a general analytical method of studying 
some types of a.e* machines using the cross field theory. 
It is not fey any means intended as a plea for the exclu¬ 
sive use of this general method for it is recognised that 
whatever usefulsnes® it may have will fee found in ratter 
limited fields. (J.5) 

e»i3S** 



Ill the foU<wlflg| the attempt is made to ti m how 
a general method of analysis, foHewing the cross field theory 
my he applied to alternating current motors to obtain 
simple a mi accurate, purely numeric al methods for routine 
calculations of performance characteristics. The funds- 
mental principles of the analysis of motors by the cross 
fisld method are, of ourse, very well known* The general 
isefchod given below Is fundamental ly the same as that out- 
linad by Stlesets in his * Theory and Calculation of Elec¬ 
trical Apparatus,* but differs fro® it in the treatment 
of tbs leakage reactance, and in tie arrangement of tie 
results* 

Briefly stated, the general, method as applied to a 
motor is as follows*. ' Kirehoff’s voltage equations are 
sot up for different circuits of the motor and are solved 
to obtain equations for the currents is each of the cir¬ 
cuits in terms of the applied volatage, the design constants 
of the motor and the speed* i?ros these equations, other 
stations for the fluxes linking or eat toy the rotor con¬ 
ductors are Obtained. fha torque corresponding to any 
one of the rotor circuits is obtained by multiplying the 
inehase components of the currents and. fluxes cut by the 
conductors of that circuit. Adding the components cf the 
torrpe corresponding to each of the rotor' circuits, we 
*taio an expression for the total torque developed, shtch 
multiplied by the field, gives the power generated. Sub- 
trnoting from this the friction losses gives the Power out¬ 
put. The power in nut is of ours®, given by the product 
of the spoiled voltage and the in phase component of the 
line current* < «T*2)* 



la this chapter, the aalge of the hys tore tic lag 
between flux and nwta*f is neglected in the analytical, 
solutions, and correction for core loss is made la the 
Numerical calculations fey treating the c ore loss the same 
as if it were a friction loss. If it should be desirable 
the angle of hysteric tag can fee taken Into account by 
using the complex «$i*mtity. 

*« ~ **a * - 3 " ^8 for the magnetising ia-jedance 
in place of the huire reactance which is used in tse 
equations in the following part of this chapter. This 
would complicate natters slightly by adding to the lengths 
of the equations and would yield but a very slight increase 
in accuracy.. In almost all cases, the slight Increase 
in accuracy would not justify the extra labour and chances 
far miner leal error,. 

Sin® wave distribution of m*m*f and uniform air gap 
permeance are assumed in all coses* 

In details and application of the method cm best 
be shown fey means of examples as follows. 

According to the cross field theory, the components 
of the sain ffcx of the motor and rotor currents nr© consi¬ 
dered separately in two axes at right angles to each other. 
,fh© axis of the stator winding tstsy fee called the transf orsnir 
axis, and the a x is at right angles to it the field axis. 

A squirrel cage Is considered as ©bivalent to a commutated 


**3 )** 





wlndlag with brushes bearing on the commutator short cie- 
cuEed on themselves in the transforms? ae& field axes* 

The motor can then to represented diagraaatieally os in 
I* ig* 1 * 

The foil win: symbols will a only 
E « applied voltage. 

*1* !,ine current 

tq a » ^wer component of line current* 

Reactive component of line current* 

"Ei “ f 0 ^ or current in the transformer axis. 

% 2 f * rotor current in the field axis. 

T'i * resistance of the stator winding 
rg » resistance of each of rotor circuits 
X tt » mutual inductive reactance of the stator and rota? 
windings* 

atj j= leakage reactance of the stator winding 

■*g ss leakage reactance of-mchdT the rotor circuits. 

?i s* effective number of turns in each of the circuits 
f * frequency of applied voltage 
8 « s>*sd as a farctlon of synchronism. 

The symbols for voltage and"current all represent 
r**s*s. values of time vector quantities. The positive smses' 
of the currents are Indicted by the arrows In Fig.2. 
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The alitor flux is resolved into the fallowing ^onm* 

neats: (1) the trass?oraer flux 0^ which is the flux 
that is rmtual to the stator winding a ad the vote* cir¬ 
cuit* la the transformer axis? (2) the field flux 0f 
which is the flux produced fey the sun.f of the current 
Tgf la tie field axis of the rotor* (3) the leakage flux 
01 of the bi nary ami (4.) the leakage flux 0gt of the 
rotor circuit In the transformer axis*. 

In terms of the current and the motor reactances 
the equations for the above flux, eonponsats ares 



V < it - tg t ) 
2TT f n~ 


0£ at 
01 « 



*m : h H 

2TTf f 

*1 *1 
STTf f 

*2 I 3 t 
2U f 


<X) 

( 2 ) 

(3) 

C4) 


Voltage applied to the stator terminals oust over- 
cow the resistance dbop and the ran teal and leakage reactance 
drops dto# to alternation of 0at and 0t» 'The negation is 


s * r ! T 1 * ^ x l l l * 3 X B { ! 1 * % t 5 

In the transformer axis of the rotor, the sum of 
the voltages Induced fey trans&raar action of 0mt and 02® 
and fey rototation thresh the flux 0f plus# tterial®taoce 


drop r3Z3t oust ecpal ziro. The elation Is, far counter 
elwstofise rotation of the rotors ( «T«3) 

0 9 —J 'ijg C *» X gt 5 • S ( Xjj + 3£g» 5 X g ^ 

4* Fn X<3 t 4’ J Xe, t<rj t * * * (&) 

Similarly for fee ftsM axis af the rotor, 


0 » J < 3C m ■■»- Xo ) Ipf 


S X ffl ( Ij. 


Igt ) 


S x^ To t 4» T* 


Solving these throe voltage equations for 


II. lit and I 2f m let, 


l x « S 


Io» 553 


S r 2 s 4 ( 1 * s2) C x m + - 4S 

♦ J-V 

s X. ( 1 -S S ) 


*3 ,a * 1®*2< x ® + *8> 


U x *4 T %* 


g* *« * g 
% 1 * S % 


* (9) 


where 


• gq g|T* ♦ 2 rg X|_ C X a 4 Xg ) + 

rg 3£ a C X a 4 S Xg ) 4> ( l*s s ) gl.(X a 4 *g)‘ 


rg%2 « 2 rjggC X m 4 x 2 > - . 

f- < 1«*S 2 ) xi < ♦ 3t2 ) a 4 

*2 3*41 £ * x 2^ **» (13) 
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Substituting the above values of Xl t and I2.f la 
aquation's CD* (2) and (4) we g©t. 


* *2t 


* 1 X m [v%% t *2 ( *m + * 2 >_ 
Sfff If C t? 3 f +^ M 1 t ) 

• . (13) 



The torque fevalooad by fchs motor consists of two 
eompomnts* on© component T! due to the in tar action of 
the current I2t and the flux 0f and the other component 
TS due to the Interaction <f I2f and the flux ) 

0 t » 0 mi • 0 g ^ These torque components In 

synchronous watts are equal to the products of the in phase 
components of the currents and the fluxes with which they 
interact ssaltipliM by 2irf is that Is from equal!on (9) 



TMs equation stows th t the torque ^V3lo,:?si by the motor 
is zero when 

/ 

9 

r*r 

fjjj- *-# 

1 ** S'"' ss 

( I m 4 X 2 )“ 

or ideal no load s?3@ed is 



1 



C X. Xo> 

ifj r* 


..CIS) 


substituting .the above value for the no load sieed In 
equation (?) wo obtain for the so load current. 
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For all usual relative values of the dealga constants 
this is very closely 


?0 m 


2 g[ 

X, 


w ® 
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A a 4 ' X B. 


L ^’W. 4 s S C 3Cj 4 w Xg)- 
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2 Xj ■#. x g 

X + 2 ( 3Cj4- Xg) 


rt is obvious that by means of this expiation the 
value of the magnetising reactance Xa can bs calculated 
with any desired degree of accuracy from the values of 
the abort circuited and no load, currents. ( <T*4) 

The P&r ^crstanee character 1st ice of a motor of given 
design constants ©an be calculated completely by means of 
equations (8) and (17). th® solution of these elation# 
can be reduced to a simple natter of arithmetic by aeons 
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1.00 

0.08 

0.95 

O.90 

0.80 
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0.0396 
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0.36 

3 
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Pi 
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7. 

.Hi « F3 

-8.57 

-8.57 

-8.57 

-3.57 

-3.57 

a. 

P4 

0*315 

0.31 B 

0.815 

9.318 

0.315 

9, 

CM 2 } P5 
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0.005 

0.012 

0.023 

0.043 

10. 

!H«<S) -**{9} 

0.315 
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0.358 

11. 

P6 
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-0.010 
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- 0.010 
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0 
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0.087 
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39. Cora loss & 
friction 

600 

mo 

600 

600 

600 

33* Wot Torrpa 

31 - 32 

-658 

4550 

10850 

17000 

18850 

M Power Cut¬ 
out l 
* 8 (33) 

-653 

4460 

10300 

15300 

14700 

35. ''Tficleney 

34 

W” 

m* 

#*•«*»««* <m« 

0.808 

m W* *».*»**# * 

0-819 

m xs&m*'*#*** m m> «e«* 

0*725 

0*532* 


It will be noted that all the stpo are ladies tod in the 
above* It Is obvious that f a printed calcubtion for*a arran¬ 
ged as th© above Is ssed, the calculation at the complete 
performance characteristics of the Single Phase Induction 
Motor Is made comparable to a Simple problem of book keeping, 
and can be done by a person without any technical training. 

(1. 5) 

The performance corves plotted from th® above calculated 
values for current, torque, power factor, and efficiency are 
shown in Fig* 3* 
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Introduction . 


fhs revolving field theory of Si.sgfe %ase reduction ' 
motor operation resoles the total flu 2 c crossing tie air gap 
into two components rotating in opposite directions but 
constant In magnitude* The cross field theory resol ires 
the total flux: into two components of varying magnitude but 
constant dreetion with .reference to the stator* ( X*l). 

The cross field and revolving field theories have been 
developed by H*K* Meet and Ifayn® X* Morrill respectively, in 
a comolet# and analytical manner* From the standpoints of 
the concepts involved and their anal utility, each of these 
presents certain difficulties* The objective of this paper 
is to utilise and eo-ordinat# both fundamental methods of 
analysis* A new treatment is used, however which doe# not 
follow the detailed methods or type of development • previously 
used for either theory* 

mil® it is necessary to tfeeat certain factors in an 
idealised manner, the effort is mad© to consider a single 
phase Induction Motor a® it actually is, rather than to say 
arbitrarily that it Is equivalent to some fictitious circuit 
or other mechanical arrang?*t as is clone with some other theories* 
The discussion herein will start with the general ex¬ 
pression for voltage induced in a coil rotating in a single 
phase field periodically reversing but not rotating* 


A two pole motor will be considered throughout for 
simplicity. 

Rotor voltage . 

In a single phase Induction motor there is in practice 
generally a rough approximation to sinusoidal distribution 
of flux around the air gap at any instant. In figure 1 it 
is assumed that the flux density is uniform along the X-X 
axis. The coil has no magnetic core and is simply turdg 
in the field shown. Along the circle traced by the end 


at any instant. 

The flux through the coil will be 
0 C » 0 M Sin wt Cos 9 (1) 

- Sin w>t Cos ( pwt +<*0 (2) 

58 % Sin wt ( Cost pwt Cos =»c - Sin pwt Sin ) 


= cos -=>6 Sin (1+p) wt + Sin (l-p)wt + 

2 L J 

Sin <=p Cos (1 + p)wt * Cos (1-p) wt (4) 

0„ r If 

- -g- Sin (l+p)wt - Sin «<- (l-p)wt- (5) 

0w r 

~M — Sin ( 2-s) wt +< + Sin(Swt -■<) 

2 L - .. 


Voltage in coil 


-SL. ( time is a constant which is here 
* 

neglected.) 




(2-S)w Cos ^ (2-S)wt + + 

Sw Cos { Swt - ) 
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It Is soon that this expression for Urn voltage 

is 'areelsely what w@ would h am If the Single phase field w re 

replaced hy two rotating fields of constant »gaitnd# 0^ 

2 

w 1/2 the naxlaun value of the single itame field, and 
each rotating in oppostt & directions with a mlmtt; y of 
n radians far see anti* It can ’ - o awn hy ins section that ties® 
two hypothetical flux vectors are together the vectorial 
equivalent of the Slagle ^hase field C »I*2). 

It should he knot clearly la mind Just what ex¬ 
pression C7> represents. It is the vtifenge In any rotor 
turn or single conductor coil da© solely to the primary 
flux C not Including voltage due to flux which ssay exist 
la the axis In -.madratur® with the stator poles, awl not 
including that due to leakage flux or resistance drop*) 
fa other weeds,. this would he the voltage in a rotor turn 
consiiting of two diametric opposite rotor conductors, if 
this turn were ©pencirculted at some point, and no current 
flowed in this turn mr in any other rotor conductors* 






















■ low *ifch the normal closed circuit rotor squirrel 
cage, fine! rotor current flowing, the rotor currents will 
produce o cross field or quadrature £!ix la the SMC axis® 
<j*3) the ©valuation of this cross flux bee cues the 
really complex witter in the analysis* The following. 
factors will be listed to show Just why It is so invol¬ 
ved* The rotor conductor exciting voltage* This is 
show by ©<pati©B 7* It has 2 frequencies each varying 
with slip and is different at any instant for each eon- 
due tor*, occupying a different angle 

(2) The rotor conductor currant* 

There will be a rotor ■current component for each 
existing voltage component* the magnitude and phase anil© 
of which will he determined by the rotor impedance for the 
articular f regency of the component in question* 

(3) ingular velocity of Rotor* 

i The rotor i» a moving object, and the angular posi¬ 
tion of a given conductor will be considerably different 
at the instant when on© voltage component Is maxima and 
the instant when the current due to that voltage Is maxi- 
MISS* 

(4) Kffcet of rotor current ©n total flux* . 

The existence of the- rot r current results in a 
complex mgn&tomtlm force producing flux in the cross . 
field axis. The flux my be regarded as unbalancing 
the relative values of the forward and backward rotating 
field components, tending toward the production of a Mm 
constant forward rotating field as will be discussed in 
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detail later* 


ft 1 s then evident that wm fmm a msshmim Lamil 
ving a mister of interdependent variables; and if an aitorapt 
Is made to bo saientifiesfy precis© and to neglect m de¬ 
tail af factiig motor performance and to- proceed to set for 
the expression© for the complete rotor currents cad vol¬ 
tages all fins: values, and final characteristics such .as 
tar cm© at an;/ given slip la terms of motor constants the 
task becomes extremely formidable even to those familiar 
with motor theroy In general* C 1»3)~ 

deferring again to expression 7, it Is evident 
that the first component of voltage stay be regarded as ■ 
that due to the backward rotating flux vector C of thd 
revolving field theroy) and the other slip frepuency) 
component is due to the forvcrd rotating field only under 
open circuit rotor conditions or at standstill, in gene¬ 
ral, are these 2 flux components e-pal 0^ Attention is 

2 


her© called to figure 2. 





flier© are then actually 2 volta:;® components in 
fch® conductors of the -metical rotor as follow®s 




0^ 8 M Cos { ®#t C Constant omitted) 

*..<8) 



S) v Cost 



2*$) wt +• *»o 




low at synchronous speed 5 * 0 and % » o. it is 

therefore certain that the cross field which mists at 
synchronous soaed is produced by the current resulting 
from euj { .1* 4) 

aigasMjteLjga^^ 

the rotor current due to ®g will ho 

and logging behind th® voltage m B by an angle whose cosine 
is B/ZB* Th® in phase eoraooneat of this current is 



% H 

Zb 2 


( 2*S) w COS 


< 3-S) at +«* 

*•* CIO) 


The wattless component at current due to e g will be 

C flHS) wt + °c 

at> 

The flux Ser seees# square inch in th© X~X axis 
is the product of the magnetomotive force and the per* 
mmm® per &q* inch* How if the mrmrne® per ®% inch 
Is constant, each increment of magnetomotive fore® Mul¬ 
tiplied by th# area It encloses projected In a plan® per¬ 
pendicular to t he X-X axis would produce s proportional 


PW A? 


JL- A (2-S) w Sin 
3E_a 


**4S< 


Fop convenience we raay 


lucre j aaat of flux in that axis* 
then refer to the pro duct of magnetomotive force snl its 
enclosed area thus projected as a ** magnet! siig of •'ect* 

to developing the equations for rotor voltage and 
current a e oil was considered; this coil laying in a plane 
which rotated about a line within the plane sad perpen¬ 
dicular to the -min field flux. to a two polo motor, 
two rotor bars diametrically opposite with the connecting 
end rings may be considered as a singl'd tarn coll* If 
the total number of bars on conductors in the rotor is !l f 
there will be a total of M/2 turns ( or single turn coils) 
in the rotor. Since the angular conductor density is 
S/S'jr , if equation 11 Is multiplied by Sin d C 11/ 2IT) d«c 
and integrated from 0 to TT * this will include the 

S’ 

projected magnetoaotiva fore© of e very turn in the rotor* 
The cross field magnetizing of ‘act of the current compo¬ 
nent given by elation 11 is thus determined as follows. 


0 ** X„ r ] 

( 9-3) w Sin ( 2*8) wt 4-, <=*0 x 

«3> 2 


Sin » !f/2 TT i oC 


0^ X- w <M) w 


Sin (2—8) wt 4- «c x 


2rg 


Sin (l—S) wt 4 oc, a «<. 

L -1 .. ( 13 ) 


0n X® !? (2-S) v 


Gm wt » 


» 4irg B 

Cos [( 3-2S) wt 4 2 *6 ] a oo * . * CM) 

For the integral, with at vary! ag from 0 to rr 





the second facto** or aegatiw quantity in CM) 'become 
zero, and the magnetising afreet In the X-X axis flu© tt 
the rotor ©urgent of elation 11 Is 


0 B X B 1 C M) v 

4 25» 2 


Cos wt 


* 1,8 * ■■ 


The cor resbonding Integrated magnetizing effect 
due to the In oha.se current oo.aponent of expression 1 :! ) is 

- 9tt%M C M> a 


Ilf 


Sin vt 


The cross magmtizing offset of this slip frequency 
rotor current is similarly determined as follows* consi¬ 
dering first the r ©active components 

the cross magnetizing effect of the slip f regency- 
rotor current is similarly determined as follows $ consider, 
lag first the reactive component: 

X 

[ % % \ 
j —S w Sin. < Swt »ot) x 


/ #* 


Sin C 1—S) wt 4 «■© . Jj*« d °c 

4 _ &* ■* * 


(17) 



4 IT Zfr 


Cos C SS—15 writ «■> 


- Cos wt d<*C *.* (18) 


%S % 


4 %* 


cos wt 


Cl®) 


Similarly the magnetising effect of tie slip fro- 
fpency rotor current in phase with the forward flux is 
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% 


m 


4 % S 


Sin wt 




The total aagneti King effect or affective rotor 
magenetonotive force In the x-x axis is then 

% 1 h * T V ■ 0 P { 4 * 3" ? 2 5 


^ ^ I# oL -&&A* 


wher* 




I ¥ (3-8)*" X 


1 


as 


*% & *> 
a * <m>" t 


w 


.3 


FJ 
4 1 


33 


•f¥ C 3*S) ”i 


4 



C 2-S) 2 X s 


Fr 


ii 


it 


¥ s a JC 


4 # + S 2 X 2 10 1 


FI 


as 


V K 

4 (H 4&~X **) 10° 


( the signs In equations should bo changed throughout 
to bo mathematically correct as nay be observed* This 
aay be done if it is borne in mind that the x factors 
represent magootoaotife fore© mmmmnts in strict tae 
epadratur® with the sain flux and really deteraine the 
relative direction cf the cross field* However agnation 
81 1# written as gives to emphasljse that the rotor currant 
due to Us is w imarily responsible f or the positive cross 
field* and the rotor current due to % subtracts fro® it* 

?lo damage is done in subsequent ievelopseiti by these changes 
in Sim* C «F*4) 

^f| 

The voltage constant 3L0 has been Introduced 



and the substitutions of e 4 ? (S-S) X for Z B and 
H •*. jsX for S 55 . hair© boon made* Also the time phase 
factors sin wt and Cos wt are dro * -od, for the sake of 
brevity* 

The Revolving field concept visualises 3 rotating 
flux vectors as shown by figure 2. They add In the ^ 

2 -Y axis to bee-ms In&entteal with the antual flux 0^ - 

and they subtract in the X-X axis to determine the net 
crc?ss field flux 0 r « Th© cross field by this assump- 

A. 

lion is nixiwnra at the instant 0y is zmro» The flux 
in the 2 cross axes are thus la both space and c^mdratur©. 
Unquestionably in the psctlcal ease there are irregulari¬ 
ties or harmonicsj and also undoubtedly the flux in the 
X-x* axis is not nreeistely wro at the instant that o@r~ 
uendlcular to it Is maxissuffl. In any theory however ideal 
concepts are stated ia order that practical mathematics 
siay a only in as simple a manner as possible* The prac¬ 
tical oroHeii is to evaluate the. ideal quantities that the 
calculated results on that basts are within usual limits of 
experimental accuracy ( «T*3) 

The rotor may be regarded as an Inductive cylinder 
which tends to maintain constant flux through itself* As 
it. rotates the rotor flux is forced by the primary magneto¬ 
motive force to be maximum at th© instant 0y is maximum* 
the inductive effect of the rotor prevents this flux from 
dying to zero when the primary flux is ®m?o§ except 
standstill* Th# aioiwm rotor flux is is the 
axis. ( If Its magnitude were greater than 0j, 







ward flux, would fee negative and no net magnetomotive fore© 
would fee evitable to oroduee positive cross flux*) 


The condition at synchronous spaed for the flux 
variation through the rotor Is shown by figure 3* factor 
is the backward rotating flux, aoc3 rotates at twice 
synchronous speed ( with respect to the rotor)* Vector 
OF is forward rotating component, and of course at syn¬ 
chronous speed Is forced, and constant with ressect to 
rotor. OX is the maximum valui of the cross field flux. 

Figure 4 shows the total flux locus with respect 
to rotor at a given slip. The locus of total flux tra¬ 
versing the rotor describes a hypotrochoidal curve with 
respect to it. 

In the Y~Y axis the effective rotor ampere turns 
due to forward and backward rotating currents add instead 
of subtract as in aquation 21; and are balanced by com- 
sonant parts of the primary current. In the X-X axis 
however, they mist mutually approximately cancel except 
for that residual magnetomotive force necessary for the cross 
flaid. 

As the forward flux progresses from the Y-Y axis 
to tie x-x axis, the slip frequency rotor current at the 
Y«Y axis changes fro® the inphase ffalue through the maxi¬ 
mum to the reactive value. Thus the angle of the flux vector 
0F at the instant the forward current is maximum at the 
Y-Y axis depends on the impedance angle of site frequency 
current. The cross field integrated magnetomotive force 




current* Since the lacedance angles of the two ere only 
©t-ial at aero speed* Figure 5 shews schematically the flux 
bofore t he flux vectors iff and 0B at as instant Just before 
the flux through the stator winding is taaxima* Conditions 
CD fress a turn in whtfi the rotor current duo to §? is aaxi- 
mtOf aad 'omsSuetorsCS) carry maxima® rotor current due to 
0fi* Angle (2) will be greater than angle Cl)* as the fro** 
giiofiey of the current te to 0g is greater than that due 
to ftp m 

The magnet 1 xlng effect in the X«X axis in time phase 
with the primary flux is given by adding expressions 16 aad 
20* The basic hypothesis used hers in assumes that this 
cross field In phase with the main field is negligible* (1*2) 



The magnetising effect in the X~X axis ia phase 
epadrstur® with the artery flux is given by adding expressions 
IS aad 19# 

A hypothetical rater with »ro leakage resistance would 










be ideal for producing torcpe in a %1/ptes© motor. fa 
a single phase e’,afcor, such a rotor would not produce a 


crass field in tt r M quadrature with the main fields 
would laarely in effect shift the axis of the? main field* 
Kance no motor notion would result* 


A hy potimtieal rotor with mro- resistance and 
rotor f 'loodance angle would be ideal for sotting up a cross 

field in time quadrate#, but would produce no torque* 
iis a general stateaeat then it may be said that 
the reactive caa , ’cw«rt of rotor current established the 
rotating field and the inphase component produces torque. 


The in phase component will' however * hare an influence on 
the total flux, which is taken. Into account in a Warner 
which is sufficiently accurate for practical pivmmm 
by the sin© f no tor in oration 23 below. 


the respective values of the forward flu* 0 and 
the backward flux 0 B are determined as follows- The 
Sn» of the voltages they induce in the s tutor wJndtag is 
@?p§l to the line voltage sinus primary impedance 


(See equation 8SS)* 

The difference between these two fluxes is the cross 
field** C see equation 23) 

fa < a - 4 Zj ) - { 0 F * 0 B 5 T eff J.0" 8 _ (8a) 

where Tsff Is the total primary turns C for a 2 pole actor) 

mtltiplied by the distribution factor* The latter is TT, 

4 


for the ideal ease of a winding with sinusoidal distri¬ 
bution* C fftis corresponds" to S/§ or 1/2 the total rotor 
turns* which are linearly distributed*} 


C flL 


) Sia 


tanT^ IP- 


+t80T 


0n ( f?i - x F|)- &,» < $|g - T 


^rom p 


V * 

0p 

[2 im Toff 

(23) 

%e ^ 

“flL 

F 

f| 2 4. 

+ £ 

Itu Toff Sin B 

S>!to , 

r 1 ^ ^ 

-*** :*»* 

?£ + 

4 [IT 

tm TSaff Sin 1 


(34) 


The primary current of (22 ) flowing through 
the primary turns ( effective value) overcomes the fcofeor 
siagentoMtlve force by an amount necessary to produce the 
existing mutual flux* 

0& $ n r * 

* ta ,g~ + »8<^**h) * 

i “ - 


4 % C % r ~ x !^]_JL_ 

J ] [2 Teff 


Emulation (23)may be modified ta the following 

13-15 Z 0 4. 0 

- . 4—4 * ——a* **,<2 

E * i® Z\ 0*|q 


. 







Wmm (25) and <2S> 


m 


<¥ 


1 + Y 4 - 


% 


‘-fo 


J2 


E 


faff 


F t V+ Pf ) S * (FiV+ F'i 2 


*•(27) 

The treatment of these last stations in algebraic 
rather than vectorial fashing is an gpp roxtiaatioa Justi¬ 
fied for most practical purposes* 

For any slip s, we now have the forward Rotating 
flux: vector IS? and the backward Vector 0B * Assuming 
that one is not interested in the instantaneous torque 


< or the pulsating component) the total, or the average 
torque is f 0f 4 t 0B» 


the second factor, torque duo to tbs backward rota¬ 
ting flux, is inherently negatlge and hence total average- 
torque is the difference of these 2 ooapdnent part®* Each 
tor<|Ae eoapOaeni my be calculated as for a polyphase motor 
where given the flux f slip and rotor constants as follows. 




Me fiav® the rotor voltages in equations 3 md 9. Whence 
the imptmm rotor current will b© if Clf Sw Cos <Swt ** -o ) 

4 0% OB (2**S) 9 Go &$1 [( S-S) wt 4* <=o] .** (28) 

whom the conductance 

% - an! 

* ■*» O 

a“ ♦ e** x" 

M ■» ■ ■■<. . H.. -mm . .......... t mm m mmmmmmm 

" B * H* + { 2-S) ? ' X 2 ' ' 

The inphas© compoaont of slip frequency current Is 
mxlflua at any instant in the conductor which Is at the 
point of the air gap carrying mxlmm < forward ) flux* 

Both the forward flux density and the inphase slip frequency 
current magnitude will vary around the air gap at any Instant 
a® cos $ | % being aero where 0F’ is mmimm* 

The forward flux per unit length of air gap 
( I « density x length of rotor) at the point where 0F 
is mxlmm Is 0F/dU where d Is the diameter of the rotor. 

®ie torep© being a tangential force ( whifeh Is product of 
flux density and current) multiplied by the lever am d/2, 
then the tonne due to 2 rotor conductors forming a turn at 
the diametrically opposite points of mMlmm flux density 
will he found by multiplying the In-phase current by the total 
forward flux 0?* In symbols the above my he stated in the 
abbrevatsd fora T „ » ili |_ x 2 , Sll , 

for the 2-' conduct or s or me turn) 





The quantity I is the in phase n forward * 5 ©orient in the 

enter Bar in which it is mxtmm at any instant. 

The torque dm to 0? for ens rotor tmm then is 

P 

0F 3 (I W m Cos' 5 m ( X ♦ Goa 2S ) 

<?:5' 

. . ( 20 ) 


<4ilti plying By <s $ and intagrating from 

3tS » 0 to S'« rt 

T 05* * * » ?«* 0P* fao) 

4 (a% 8° XT 10 2 *.(3S) 

Similarly the tor ■•pa due to 0B is 

t 0» « fJ 0b 2 ■ <ai> 

Total iwngf torejuo 1® 
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m- ■-* m 


K < Fg* i? 2 ■ - F 1 m 2 J ... C33) 

1C is a constant which lias the value 0*7378 x 10 **' 8 


to reduce to pound feet* 

for a motor hawing More than two poles* expression 
32 will Is® modified* 


Conclusions# 

Present methods of calculating the performance of 
single phase Induction Motors are quit® tedious, and pro¬ 
bably'do not convey to the tatal of the practical engineer 
a logical concept of the operation of the isotor such ms is 
the saai with gem rally used methods of Poly phis® motor 

design calculation* tt scam desirable to bare a unified 

;■ $ . 

and co-ordinated theory for single phase induction motors* 
including fcradles which are simplified as much as pohsIMe* 

C with justifiable apnroxiraatlons) and which convey unafes- 
truse concepts* The formulas developed may 1© used as the 
basis of a routine calculation Procedure*' 

An advantage at the formulas of this type is that 
they deal with real values - actual rotor current in a rotor 
fear in ngieres* and so on* The value of rotor impedance dm 
not change in using the same rotor with 2 different stator 
windings for example* as it doe® when epivalent primary values 
are used* Flux densities in the cross field axis end other 
similar values are explicitly evident* 

In applying the ecftatleas developed it is necessary 
first to determine motor constants fey established methods* (1*S) 


1* The motor is magnetically syrnnwtriaol 

(a) Sinusoidal distribution of condia tors in the stator dots 

00 Uniform air gap 

(e) Uniform iron permeance* 

2* Sinusoidal voltage applied* 

3* linear constant© - Saturation of iron, flux: oaths is 
negligible* 

4* Friction and vintage, iron loss*, and load losses mm 
subtractive from the rotor out pit. 

5* Main and start phases are in space ipadrature* 

The solution of poser or current flow la polyphase 
circuits when the allied voltages are sot balanced, or 
when the load iawdaneas are not eifn X aan be aoeonplised 
best by the a pplteation of the methods of symmetrical 
ew sweats < 1*1} We will stew presently that the case of 
the single phase Kotor is a special ease of mn imbalanced 
two phase actor* 

let as assume the general two phase circuit with 
phase voltages ( ? m and V a ) tmeqpal in magnitude and not 
In time quadrature* It has been shown that two am balanced 
systems can he formed C 3*4) one system, called the "Posi¬ 
tive Serene#" C +) consists in magnitude and In time qpa- 
drature and have < ♦) phase rotation or the same rotation 





as the % sad w m system; the ®th©r system eviled the 

” Hegatl m *»<$zmm n (-} consists of other eoawnoats of 
?*i and ¥ a «qual in magnitude and in time quadrature, but 

Phase rotation is ocooelte that of the posit!ve sequence 
cosapon^ifis* Mo * Uniphase* m sero-s@Tneuce** caotpoiiefiis 
exist* 


By definition we then have 

a V* + f ’** 


v s ■ V 4 v a 




* m 


«■ r f it 


V * V 7 900 * . V <4) 

*hase e leads phase M in time angle* From equations 2 # 3, ( 


and-# we then have 

¥ * y ( y + — -'f ■**) 

* % H H 


CSa) 


which defines w & in terns of the exponent® of ¥ s 


^hen the Magnitude and tine phase of : /||Sisd Vg ar# each kn own 

are each known* the symmetrical ctwconont® of each can. he 
calculated by adding elation 1 and - g tiroes e<pallon 2 a 
sad clearing* 


¥,#* » 


% 


“TT 

By subtracting * g 
clearing v« haw 


elation 2 a from equation 1 and 




411 the foregoing quantities are rectors representing ram 


magnitude ami tits© pirn a© voltages. 


By the same procedure we arrive at current values 


*r 

a h 

s 

t H * T H 

**(?) 

and 




h 


V - IS 

• * (a) 


«S 

^ r H* 

(9) 

8 

3K 

* T T i 

(10) 

ru*. «4"> 

Iff 

<art>r 

IT Xg 

(11) 



2 


and 

f M * l n * 7 x i 


( 12 ) 


In a general two >has© system as shown in figure, 
1* Z fJf and Z g ar* the load impedances of phase® K and s 


respectively* low applying Ohm’s law f we have ( ,j*l) 

(13) 


7 a I Z 

m n n 


(14) 


(IS) 


and 

? as I z 
s s s 

Then from eolations 13, ? and l 

v + + y* » ( i + 4* r > z 

* M W M K 

and from equations 14, 8, and 2 
7+ + 7 * * ( 1+ + T~ ) Z 

s s s s s 


or from deflations 3 and 4 e fiat ion 16 becomes 

3" *K - ? V" ( * 3- V * T r »i 1 Z S (16a) 
or 

V - *$ - V> z s 





Adding mmmtlms 15 and 16 b m h&m 

^ [ V < Z„ ♦ 2 S > * V < 




subtracting ©fpstion 16b from © patios 15 and clearing* 
w© have 





♦ tjyf C Sg * 



•*(13) 


In tli© ease- of a transformer or single phase motor where 


there mm not the mm® turns i a ' each of the windings or 


Phases 

then* C -T* 1) 



>4* 

■ 4 * 

* HL t4r 

s 

f .’#* 

fWrtminSIt! 

a 

* * * (16*) 

mud ' 

Eg » j^Hr- 

a 


*«(m) 

7 * + = f”! : . V « a 

«* 

*K 

• a’ (21) 

V s " a ^ 



where 




!i 

# 

tmttm conductors 

of th© ?! «%as® 


£5 * ©f:! 

'©stive conductors of the 3 phase* 
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now write 
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Similarly 
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to a single phase .motor it is obvious that 


% ** f i| (23) 


I m •(flatten 2b becosses 


% « t* < V xf n } 



Farther wo&b we will find that the impedance to positive 
semenc© cu**r .sts Is not the same as fop negative argue nee 
currents in rotating apoaratoa* C 1*2) 
t»et Z*| 4 a Impedance to f^ 4 
» Impedance to lyj* 


Z s + » Tfeipedanee to ig+ 

2L~ » Im'M&mm to 
S 3 

Multiplying © fixation 2c by <r/m and adding, to erpatinn 


1* w® obtain 


w 

f ■¥ m W JL ( x ** ’ 3C» ) *• 

” « ® ^ V;iV : 

or by subtarettoa we obtain 

V* £ ( 1 + (25) 

From elation 3a and M ve .have 
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—* i * ( X + ifa ) 
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and from •'fiatton 4a a ad 25 we have 
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Equation 13 and 14 now can be reconsidered to gather with 
•-gust Iona 9, 10 f 8a and 23 and at the same time the seep ©nee 
iapedeances Zjjj, Z g * aod Z g ~ can be included 


r n rn t§ 2 $ ♦ 15 Z 5 (13a) 

% » I$J Z§ - IJ 2g ) (14a) 


To solve for tjj multiply equation 
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By applying equation 10 and 2) 
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fo solve for t« + Multiply aquation 13 a by M 


and ©Ration 14 a fey ;a/t Zj|* 
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?r© i aquation 7, 28, and 30 we then obtain the general 
orations, 

\* + c * 3a C ZJ** Z.*) 
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and from ©nations 8, 29, and 31 we then obtain 
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the line current is the eo P ined current of main and start 
phases. 

\ 18 X M 4 X S @ f M C S « * Z H ^ 2 S + ? % ) 4 


x C * a % 


z. 
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•" A '* ** 7* 

"M *% 4 " If ^ S 

■» * * (34) 

2&2dLI£* 

These general equations will now be applied speci¬ 
fically to the single-phase motor* 

The efilwaleot circuits of the M phase are iw In 



Secondary impedance to positive s|<«@ earrent. 

By conhlnging the raagnet!sing ita#©€»ms® wit" the 
secondary impedance Z^* the apparent secondary Impedance 
can he written { JV3) 




z*‘ * a *'♦ jr +l 

A Cm A 

w C# 

where S* 1 'and t X^ 1 are 


(36a) 


Second,ary positive sequence resistance and apparent aeeon- 
dary positive Betpmmm reactance respectively. 

Similarly, 
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% 
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+ $ % 


<3?) 


Secondary Impedance to negative ae^tesce current and (J3) 
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+■ C 
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a* 2 

*** ~£r 


Xo( XfA + 


HL 4* T 1L 


+ C x g + x 2 } 
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«» l • I A 

^h®j*e ft^ and X ^ are apparent seconder/ agative 
sequence resistance and apparent secondary negatl.se sequence 
reactance respectively# 


Z 4 « 


the primary impedance of the M phase is 


« 1*., * j X 


and )f. the S Phase is 


<a ts* V * sr(x is- V 


(40) 


is the case 


resistance sp 1 It phase motor haring exfcer* 


B:HC@ TL 


The generalised impedances of the Single phase motor 
can now be written t l 1-3) 

V ’ 5w* * * < hn* **'> w» 
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If w emhim equation 30 with •qpi&tiQBS 41, 42 # 43, 44 3 

I * 9 x 


< \ S + J c - a %'^ +T ( V x c * a8 ^' 5 


■* ga C 


S<fsT 4 8 ( X* |yf 4' Xgf ) 


(n^s 


+ x p 

€a 


+ f ( Xj^g "* ^”0 ® 


T ( X. 


«* ** ’] 5 *ll 


; S’ ] [ a 

2 ■«* ■— l \"1 f" 

% J J + 


*u* h* «%•' 


C Bfii ■# 


ft 4" 


38«* * 

If <nj 4 s 


T ( ^ X o * A / 


■*« (46) 


x ^ %S + % 4 11 + a C Xj^ + ) 

X C % s - X c * a % 2 f * a (E ih + Hg+i 


nmmamtw. of elation 45« 
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and frost aquation. 32, 
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Fro-i equation 81 , 
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Output and fogy®. 

In the ease of a balanced two chase mfetor t the gross 
rotor output is 


wn 2 0 ±2 12 2 .g|,,, c 1 * S) watts® ft (SI) 


Here only positive sequence currents exist* The 
net rotor output Is the gross output less friction and 


windage*, Iron loss* and load loss* 

The motor torque in ounce feet is 


f 20/ 


X M M 33.000 

2 11 x r *p* a* x 7461 


m 


112*7 
y# p# is 


x H 


The positive sendee currents in the secondary winding 
produce Tor-me in the direction of th© phase rota tic® of 
these 'Currents* When negative sequence currents exist they 


produce a counter torque* As we are dealing with two balan¬ 
ced systems of two chase currents we may consider- the torques 
they produce a® positive sequence and negative stquenee ( J* 3 ) 
Sines* 


l 2 If 
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ana front equations 54a*. 38 and 38a 
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so that the aquation 55a reduces to the more conventnot 


forms 

m grass * 2 l M 4- 2 Rg* • T ?| ~ S C 1 ** S) watte 

,,(55b) 


S£l-I.s.lms£,.,and. .powerfactor . . 

By adding X M < ©aquation 4?) and X g ( equation 50) 

the line currant can be obtained* 

fh© * in phase" component of XL isultlpiled by the 
line voltage ( VM) gives us the watts input, while U x m 
gives us the volt-ampere input* 

Power factor * .* **(S8) 

Volt-amperes input 

After subtaracting the rotational loss®# < friction and windage 
iron loss and load loss) from equation 55b, we have the net 
output watts 
WO nett 

WO let 

Efficiency « — -.—— — .. <59 ) 

Watts Input* 
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7* 1 Magnetic huasaing » 

First we tew magnetic filming, whlfeb is dm to 
vibration of the steel laminations caused by the ra old pulsa¬ 
tion of flux In the teeth of the stator* and rotor* Wfhan 
the rotor teeth a m opposite stator teeth, the magnetic 
reluctarwe. Is a minima; wh» the rotor slots are opposite 
stator teeth we have maximum reluctance* Thus, we have 
the flux varying rabidly in stator and rotor teeth as this 
rotor revolves* Sine© the pall on the teeth varies as 
the «qu,ar@ of the flux density, it Is clear they are sub¬ 
jected to a succession of rapidly varying mechanical impulses 
which cause vibration of the lamination,. The fre^encie, 
of these vibrations are in the region to which the ear is 
most sensitive < 1*7) 

f$s design of the teeth in both stator and rotor 

sat especially the design of the lip of the teeth, with seal- 

1 

closed slots ‘IS all important. They must lie sufficiently 
rigid to withstand the forces to frhich they are subjected, 
without vibration and obviously, the cores mist be very firmly 
held In position* in this case skewing of the slots Is very 
helpful In such noise elimination* 

< 

It the very quiet motors are required, on# must not 
only use skewing of slots, but. the normal flux density in the 
teeth and gao oust he kept low, and the air gap mast be moderately 


larg® to cut down the Influence of parasitic fluxes and 
torques* Extreme quietness means, in effect, a very liberal 
desiagnof motor ( T.?). 

?*2 loise Due to tfindag a. 

As the rotor revolves air currents are set no 
and a puff of air will pass through the stator, between 
the stator coils, every tine a rotor tooth co'©s opposite 
a stator tooth so that the machine acts as a siren* The 
intensity of the note emitted depends on the sari heral 
velocity of rotor. ( ?* oer minute) while its frequency or 
Pitch pm 

P * the number of puffs per second 

* the number of rotor slots x revolutions oer 

sec ad 

* X- 1 

S ’"""’ISior’ slot""pitch.in.fncReS”' 

The higher the pitch of the note the more ob j ac¬ 
tionable it becomes, and an note with a frequency greater 
than 1580 c/s which is the high a of a soprano, is very ob¬ 
jectionable if loud and long sustained. For a velocity of 
8000 ft. per minute and a rotor slot pitch of 1% the fre$t«ncy 
of the windage not® is 1600 c/s. 

ffois© due to windage can be lowered in intensity 
by blocking up the rotor vent duets? if the motor then runs 
hot due to poop ventilation some other method of cooling must 
be adopted, such as blowing air across the external surface cf 
the punching s, m the motor may be totally enclosed and cooled 
fey forced ventilation. The intensity of the note can fee 



greatly reduced by staggering the vent ducts and sine# the 
air gap clearance is large in high speed machines„ which 
are the only ones that are noisy dm© to windsgd the venti¬ 
lations of such machines wiT’ not be seriously effected® 

It should also be noted that for high speed machines a 
large number of narrow ducts will give quieter operations 
than a small number of wide duets because the velocity of 
air in each duet will be reduced <B.l) 

7.3 noise .due..to.StUaMan.flC-alg-gag-tla s* 

the flix in .the rotor tooth milsatea from a maxi¬ 
mum when the rotor tooth is opposite stator tooth and to a 
«ini > miQ when the rotor tooth Is opposite to a stator slot 
and the frequency of this pulsation is equal to the number 
of stator teeth, x revolutions per second* This pulsation 
of flux causes a noise which varies in Intensity with the 
voltage. To minimise the aalia, the machine should he 
designed to have a minimum pulsation loss, the condition 
for that is that the rotor teeth shall bo equal to the 
stator slot pitch and the rotor slot shall be narrow. The 
noise due to oulsatioa of main flux say be minimised by 
stacking the rotor stampings slightly* * 1*4) 

7*4 .IIas * 

The principal cause of noise in induction motors 
it the variation in the reluctance of the Zig Zag leakage 
-path. When the stator tooth is opposite to that of rotor 



tooth the zlg sag leakage flax is a atalsaim and when rotor 
tooth is opposite to that of stator slot the flux Is a 
sfcsxlstt*a # so that there is a pulsation of flux in the tooth 
ties and taro nodes are emitted* fo prevent this noise, 
the variation in the aig sag leakage Is to be reduced' to 
a mlBlmm and the .most satisfactory nay to do this is to 
make the zlg mg leakage as small as possible* This leakage 
flax is proportional to the aanere conductors mr slot and 
Inversely proportional to air gap clearance, and it has 
been found from experience that in order to prevent exces¬ 
sive noise unto 35 per-.* eat overload the ratio of ampere 
conductors mr slot at full load to the airgap clearance 
should not be greater than 14 x 10 3 for machines without 
optft stator and partially closed rotor slots, or 12 x 10 s 
for machines with partially closed slots for both stator 
and rotor. 

*1 * frequency * number of rotor slots x revolutions 
war second. 

? 2 m lluaber of stator slots x revolution© per second. 

It is found that as and fg a >j*roaeh each other, the 
noise becomes more and acre objectionable and that for mm 
lower values of the above stated ratio the noise will be 
objectionable if the number of rotor slots differ with in 
20 percent of stator slots from that of stator slots (B-l) 

7*5 Measurement off ffolae * 

Measurement of the total noise of the small 
motor undoubtedly presents a different aspect from the 
standpoint of the practical engineer. The quietness of 





the modern fractional Horse power motors renders this pxtolam 
more difficult* Prom our present discussion Hois© includes 
all sound undesired by recipient* it is a combination of 
various notes of different amplitude with no regular phase 
relationship. Mois© is measured in chons* It is intensity 
level in decibels of a 1000 cos note judge by listeners to 
b@ equally loud as a noise* if the noise is also of 1000 
cosf the loudness in ahons is equal to the intensity in 
decibels, the sound intensity in decibels being 10 times 
th® logarithm to base 10 of the ratio of Intensities* fo 
calculate sound level at a point? 

1* Determine amplitude and mod# of vibration of body* 

2* Calculate sound intensity produced at surface of body* 

3* Calculate sound intensity at th® distant point from 
radiation .pattern* 

4. Find sound level from Fletchers graph* 

In describing the performance of the Secondary noise 
meters, King and Churcher ( j. 8) has described a subjective 
noia® meter in which the observer listens simultaneously to 
th© noise with on® ear and a reference tone of adjustable 
intensity presented to. the other ear by a Telephone Receiver. 

* This sr) ‘‘ aratUs ca « us ®d only to measure the total noise. 
The reference tone is then adjusted by trial to what he judges 
to be equally loud with the noise* in a two telephone tyoe 
meter alternative listening is made possible by the use of 
the two receivers fitted with soft rubber caps so tis t when 

the receivers are placed on the ear the reference ton® is 




h#aM and the noise under measurement is substantially ex¬ 
cluded. The criterion of loudness equality of noise and 
reference feme is that when the receivers are cpiekly re¬ 
moved or applied no change of loudness is detectable. Since 
the result mainly depends on such judgement, for « impor¬ 
tant test to have less than S observers la inadvisable and 
th t to repeat the test once or twice and take the mean of 
all readings is useful in minimising the effect of casual 
divergences. This tyne of meter Is better than th© former 
because* 

1. the two telephone meter avoid the abnormal condition 

of different sounds in the two ears heard simultaneously 
2* The criterion of balance is not loudness ©quality but 
absence of change of loudness where th© sounds ar# hoard 
alternatively, which is likely to be more discriminating. 

3# Binaural listening fives greater sensitivity to loudness 
differences than monaural listening. 

4. The mode of listening of later is th® nearest practicable 
approximation to th*t embodied in the definition'of actual 
loudness. 

Tn objective meters noise is Pleasured by purely 
instrumental means such that any personal observational 
error was epite negligible, it is easy to adjust the sensi¬ 
tivity of an objective meter by mesas of weighting circuits 
so that it indicates correctly for pure tones in accordance 
with accented etpsl loudness relation, la addition such meters 
have been used to measure complex noises and the implied assump¬ 
tions as to the law of summation of the human ear for such 



noises call for verifiestlon* Hence cooper oxide recti¬ 

fier type and thermal type instruments have been used under 
the assumption that energy summation of the weighted com¬ 
ponents is correct. 

Analysers using the urine1pie of resonance are 
quit© common. In a set up that was tried ( study of 
noise in Electrical apparatus by Spooner, AXES Vol 48, 

.Tuly *29 p* 747) C ,T.2) a Electro dynamic microphone 
was used that feeds into a audiofrequency transformer, am¬ 
plifier and stepdown transformer. Although a condenser 
microphone has a stable and constant response over a wide 
range of frequencies* Its sensitivity is poor, the crystal 
microphone gives saw results as condenser microphone except 
where low frequency coupon nts are predominant and in which 
case the readings are lower. However moving coil micro¬ 
phone gives erroneous readings due to stray magnetic fields. 
The voltage across the non-inductive resistance with a varia¬ 
ble tap is fed into a second amplifier* stepdown transformer 
copper oxide rectifier* and a D.C. Millt&aeter. A reading 

will b® shown on the D.C. meter only if a sound having a 
component corresponding to the setting of the reaoneat cir¬ 
cuit were to impinge on the microphone. 

For calibration the system is arranged as shown. 

The constants of the Electrodynamic Analyser pick up must be 
known. The standard microphone is connected to « aillla- 
meter through amplifier and is calibrated between Input volts 
and ml111ammeter readings. A sine wave of known frequency 
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is allied to laid speaker and after tuning for resonance 
condenser setting and meter readings are noted. This 
gives an amplitude and frequency oa the calibration curve 
of Analyser. The tost is hence repeated for various fre¬ 
quencies and amplitudes* 

Scud pressure measurements were made on apparatus 
like integrating meters and transformers for domestic 
use. But sound measuring a;i jaratus used la conjunction 
with machinery must be sensitive to detect small inten¬ 
sities as well as largest intensities* Regarding the ac¬ 
curacy of the instruments the relative accuracy of the 
measurements for ordinary intensities need not be acre 
than S' and of frequency measurement need not he more than 
1;C* The insrument must be capable of reasonably rapid 
operation and also of measuring transient as well as 


steady sounds* The apparatus must be capable of opera¬ 
ting even on a bench where there is a good amount of vibra¬ 
tion and Electrical disturbance. 







for studying transients in sound as well as far 
the knowledge of wave shape oscillograms are used. But 
analysis of thmmrnm foras Into their components by gra¬ 
phical method is a laborious orocess or sometimes iaorac- 
ticalhb. Thor© are many simple methods of measuring fre¬ 
quencies but they give no information in regard to inten¬ 
sity. ? or obtaining a rough measure of the relative sound 
intensity is to couple a telephone transmitter the receiver 
being Placed in a sound proof chamber. The later is then 
shunted using known resistances so that the sound is just 


audible* !?rom the imoedene® of the receiver and the shun¬ 
ting resistance the relative intensities can be got* Hon 
Electrical a > >aratus such ms those using mechanical resonance 


are not very satisfactory. 

In the Electrical method it is necessary to use 
a microphone where the d.i.S. electromotive force gent rated 
per unit d#*f*S* Sound pressure is independent of frequency 
and pressure which is very difficult to obtain in practice, 
fn both the apparatus developed by King and Churchar (J.9) 
the moving coil type with permanent .magnet is used. The 


velocity of the moving coil 


Vi 




m 


0 

-JL 


n t w 


where i* a is the maximum value of the- alternating air pressure 
and % A% is the mass -of the moving system* The s&sxlisusa volt¬ 
age generated by the mass controlled microphone is 

P a W B 1n 4 

.„ l° volts ( max) . 

where W m turns on moving coil* 
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r 9 radius of the moving coil and B the average flux density 
in the air gay* tn the mass controlled microphone the us# 
of the large tsass to extend the useful range of the micro¬ 
phone to very low frequencies has the effect of reducing the 
sensitivity at all frequencies* Secondly in the faeasur©- 
”isnt of noise containing snail high frequency sound and 
large frequency ramble, the latter is augmented by tbs high 
sensitivity of the micro ^hone, while the small high frequency 
sound, reduced by the low sensitivity of the microphone give 
amplitudes too sma" 1 to measurd* To correct this the mi 
amplifier can be arranged to give an amplification propor¬ 
tional to frequency by using a suitably proportional mutual 
inductance to couple the first two values of tha amplifier* 
Bwn if the variation of the sensitiveness of micorphone is 
not proportional to frequency,, with some difficulty it is 
possible to make the micro >hooe amplifier unit to work sa¬ 
tisfactorily* If tha out-put of Micro--shone were to fall 
beyond a certain frequency the amplifier may be present to 
give higher amplification for those frequencies. 

In order to be able to make measurewnts of sound 
Intensity It is necessary that each link of the chain from 
the sound energy to the deflection of the fini. Galvanometer 
should be of known permanent performance* The units invol¬ 
ved in this transformation are the microphone, the. amplifier, 
and the frequency analyser* 

At the Hirst Instance we must know the voltage 
generated by the microphone when acted upon by a sound of 


unit intensity at any f regency aver the range re-mired 
for tests. Then the fwifimey response of the amplifier 
and also aa overall calibration of the whole apparatus la 
meter deflection per unit sound input mist be obtained* 



The Rayleigh disc experiment is the absolute 
method of studying the characteristic of the Microphone. 

In this the principle of standing waves of sound is adopted 
The Rayleigh disc made of mtm is suspended by a fin© 
phosphorbrons® suspension from a torsion head. The disc 
is hanging in a tub© about !•§ meters long and about 20 
cm# in diameter. The disc is suspended in a tube where 
the velocity is a maximum. Since Rayleigh disc does 
measure particle velocities as deduced by Koning*s formula 
provided that 

(1) the disc is then compared to the diameter. 

(2) the ratio of the thickness to diameter of the disc is 

of the order of 0*01. 

(3) The diameter of the disc is small compared with the 

wav® length of the note under test. : : 
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C4> The disc disaster Is small compared with the diameter 
of enclosing tubs? a patio of disasters of throe 
being satislastor/. 

Tli-® conditions for ^tending vsvss in the tubs 
a3? ® satisfied if there is any whole number of half wo ve 
lengths between the fixe:? reflecting ends. The micro- 
ohone and laid speaker are mounted on U discs of hardwood 
about 4 cns thick. The cone of the microphone was filled, 
in by a flat celluloid diaphragm supported from the cone 
hy ribs of same materials to increase the efficiency of the 
system. The Joints between the tubes and wooden discs 
mm filled with plasticine. By noting the response of 
the amplifier and fre ?iency analyser with a sound wave of 
amplitude recorded by the deflection of the Rayleigh disc 
the sensitivity of the microphone was determined in milli¬ 
volts aer dyne mr s r u cms. 

In the same setting of the apparatus the 3rd, 5th, 

7th etc. harmonies of the fundamental, adjustment can be 
mad®. Even harmonics cannot he adopted sine© the disc must 
he at a velocity loon. The disc diameter, tub# diameter 
and lenghth of the tub# will hay# to fee changed while using 
higher frequencies, so.as to give better results* The power 
outnet and frequency of oscillator must b® continuously 
variable and at the same time remain stable at any setting* 

The microphone diaesuions can introduce error in the calibre* 
tton and ®o correction factor must bo applied* 

After calibrating the microphone it is to be connected 
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to fcho amplifier* Twisted leads In flexible metallic tub¬ 
ing life© lead sheathing, prevents induct!vd and capacitive 
couplings* in view of the complex sounds to be analysed 
no definite sdectivity re pair merits can be stated for the 
circuits of the analyser* But higher selectivity is better. 

The roes where the machine and testing apparatus 
are located must he free from extraneous noise and reflec¬ 
tions* If the reflections are not reduced the incident 
and reflected waves travelling with ©pual and opposite velo¬ 
cities produce an interference pattern* The pressure (vs) 
distance from source from source curvi will he a wav® gaper* 
imposed on a rectangular hyperbola. If refelection I® 
suspected it is possible to trace out a mean curve of the 
wavy curve and thus reduce the effect of reflection. This 
will hard to fee done for more of the test® on machine where 
a number of fregencies are present* Although the walls 
of a building are highly reflecting the interference trouble 
may not be Prohibitive, if the fcuild&g is large and the 
?wsc bine is not close to walls. A little considerations will 
make it clear that the sound intensity measured near a source 
is dependent on the presence of the other bodies in the sound 
field which would cause reflection* Even an oohep space doe® 
not always prove to be effective due to the presence of wind. 
Hence such measurement s oast necessarily fee carried out in 
accoustioalty treated rooms with the sound source kept far 
from the side walls. Directional microphones do sometimes 
prove to be more effective* . . 
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ffesee whoa experiment is conducted microphone is 
kmt at a standard distance frost the machine, Two positions 
of the microphone are along the axis of the machine and the 
other perpendicular to this line, leadings fro® opposite 
positions will almost be identical. Since the sounds are 
peculiar to rotation of machine each frequency is divided 
fcy a«^.S*of rotor. This is very helpful in tracking the 
component sounds to their respective sources (J»8)4(j*9)* 

7 * 6 MMlgiS-of Elimination . 

Different methods have been adopted to reduce the 
noise emitted by a machine but in most of the cases it is 
seen that materials are not fully utilised when noiseless 
operation is aimed at i.e noiseless machine will have to be 
larger in sis©* The different methods are evolved, from' 
the discussion given in the previous sections* 

Oscillations of laminations of few thousands of a 
awn can produce acute sound if the lamiisfeions are ndfc pro¬ 
perly clamped* $hen the stator is mounted on the ribs of 
the stator casing the vibrations in Stator are transmitted 
through ribs to the then housing which is a good sound ra¬ 
diation* Fleisce slots should he* selected to avoid radial 

force*. Even if the stampings were to sit tight on casing 

without using ribs, radial forces, if present will cause 
aoisa. Also even if the rotor is rigid this im, also cause 
noise due to play in bearings. Also it i« to be noted that 
saw® lamination is to be utilised by aanufaettsar for same 
antm motor even with different poles. But investigation 
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•how* that slot ©ooblastion mm fen found which eon bm 
usmi for different mmhmw of poles upto a certain $lm» 

F'xaet os* tor lag and balancing is »s£intlst for quit® opera- 
tion. Tournal type bearings have been found to give better 
results than roller tyat. to *wld transmission of vi¬ 
bration through the aaehiae supports special sountlop have 
h#ea used providing torsional elasticity with a *naxls8ura of 
radial stiffness. Goring supports and m her aountinga 
are very cmrtonly used for Ms purpose. 

ftcgardiag the tmoroveaents on slots, a-chines with 
close slots nm found to he quieter in operation and Brown 
BorerI uses closed slots exclusively for noiseless squirrel 
cage actors® fmmzstng airgap redness the higher slot 
oscillation and this method of noise reduction on tMmtim 
Hotor ©an t» done oA y at the expense of power f actor* k\m 
high saturation cannot usually tie allowed on noiseless ma¬ 
chines* further under certain ea&tions a motor having a 
slot number which is theretleally undesirable weymis pr©e~ 
tlmVf noiseless, while if saw slot number is used for ano¬ 
ther motor would lead to noise* a slot comb action theorem 
fcieatly suitable for a given type mf prove easily goo4 for 
another type of motor. The shape of the slot also affects 
the noise level of the machine aid m*m Manufacturers have 
attempted Improving on the slot-shape based on the ©riaoiol# 
of flux distribution. Sooi winding distribution m already 
stated la a very efficient and easy Motfasd for suppressing 
certain Mmmi.ni frozen©!®#* Bfcsvtng the rotor bars is 

«tte~ 


common among Induction motor and this method is effective in 
reducing the noise level apart fpom the other advantages* 
reduce deflection and vibration* from early days the 
shaft cross auction were increased toother with increased, 
depth of stator core* But the present day trend is to 
sake the motor light and still succeed la manufacturing a 
ouiet motm 

flat haring conclusion about proper slot eombinoti on 
it can he seen tint ( ,T*3> 

Cl) when the slots differ by on® or toy the number of poles +1 
transverse vibrations any occur* 

(2) whan slots differ fey half the number of poles, torsional 

vibration and noise stay occur* 

(3) When slots differ fey half the number of poles torsional 

vibration and noise may occur also, rumbling noise 
accompanied fey critics! vibrations* 

<4> The chance that noise occurs ia the working range is 
greater than with small number of pofees, high speed, 
and with small transverse or torsional critical speeds* 
When the noises occur the motor is practically useless* 
(5) Any rotor with- the slot numbers divisible by number of 
pole pairs of fundamental and which differ fro® 11 m number 
of stator slots fey more than the number of poles will 
probably fee a qpiiet motor* ( j. 3). 


&,» 1 introduction* 

Xq the study of the efficiency of electrical Machines 
the knowledge of the sources of poorer loss within the 
machine 1© imperative. Some of the losses, however, ore 
quite complex and do not readily yield to a mathematical 
treatment or to an experimental determination* fht« is 
particularly true in regard to some forma of load lost in 

i 

induction motors. All losses in Induction machines., ■ 
except friction, windage, and copper resistance loss, are 
intimately connected with the magnetic flux within the 
machine* It is obvious, therefore that a detailed study 
of flux distribution Is a logical way of approach to the 
study of the problem of losses* caused by the changing 
flux, all losses e;.*n fee conveniently classified into two 
groups? losses occur Sag at the fundamental frecpency, 
and tosses occuring at high or tooth frequency* loth of 
these groups involve a certain amount of iron losses 
(hysteresis and eddy current), md copper eddy-current 
losses* ( 1.2), 

m the fundamental f reiuency losses there ere included 
losses caused by the uniformly rotating sain, flux# end 


leakage fluxes in both rotor and stator* varying at the 
fundamental fre-peney* Those losses oo.-ur at line 
frequency in the stator and at slip frecpency in the 
rotor. In any point of the magnetic circuit the flux 
may be considered, as com istiag of 2 components; a 
radial components i a radial component and a tangential 
component: Cl* ID The radial component in the. teeth 
and slots constitutes the greatest percentage of the 
total flux in the region of the maximum flux density* 
This component is active in producing all useful cur¬ 
rents and voltages in the Induction motor windings. 

The tangential component constitutes the greatest per¬ 
centage of the total flux in the region of a lalnimua 
air gap flux. Because of the presence of this tangen¬ 
tial component the flux in the teeth and slots never 
dies down to zero value while reversing in direction, 
but varies elllptieally C .?* 8). 


fn any volume of a conducting or magnetic ( or both) 
material, losses of energy will necessarily fee caused 
by any change in the pattern of the magnetic flux pene¬ 
trating the volume, provided the hysteresis and resistance 
effects in the material are not z&ro. The reverse state¬ 
ment Is also true, 1*% no loss can be caused in an insu¬ 
lated volume of any material by moving It in m magnetic 
field at a uniform speed provided the flux pattern in the 
volume remains the ease* The truth of these statements 


- 89 - 


regarding a magnetic material cm fee readily seen if we 
rcrcamher that a hysteresis loss is caused only fey a 
ohange in the ®@n©fcic state of the material, the change 
feeing either in intensity or the direction of the field* 
In a conducting material, the ©hang© in flux pattern 
causes different electric potentials to fee generated 
ia different parts of the volume* Theed potentials 
produce eddy current losses within the volune. it 
will fee scan that a moving flux of a constant space 
distribution is not capable of producing eddy currents 
within i.n insulated volume, feecau. e the rate of cutting 
the flux is the same in this ease in all parts of the 
volume* 


la the light of the foregoing statements it can fee 
seen that both eddy current losses and hysteresis lor sea 
are produced in the machine iron and eddy current losses 
in the cooper conductor®, because the flux pattern changes 
at the fundamental ffre-gjisencyf a® the flux rotates* In 
regard to eddy currents in the conductors, It may fee con¬ 
venient to consider separately two mutually perpendicular 
components of flux; radial and tangential. The- -cyclic 
variation in the radial component produces opposite poten¬ 
tials at the sides of th^ conductors in the slots. Thus 
the eddy current loss th t Is due to this mode of flux 
variation may fee reduced fey lamin a ting the conductors in 



the fractal direction. ln a similar manner, the variation 

in the tangential component produces opposite potentials 
at the ten and bottos? of each cmduotor* The remedy 
is to laminate the conductors In the tangential direction. 

The losses described above occur at no load as well 
as at load* When the motor is loaded an additional 
fUndamstst frequency loss takes lace. ( 1. 9) This 
loss is caused by leakage fluxes. surrounding each 
individual slot, this flax crosses at the top of each 
slot in the tangential direction* While the current 
in the conductors reduces from smxteia to aero value 
and the field disappears* the lower C Internal) part 
of the slot is cut by a greater flux than the namer 
C outer) oart 9 the difference between the two fluxes being 
etfttal to the flux crossing the slot when the field is a 
maxima. When no saturation in the iron is present, 
tie losses caused by this leakage flux are proportional 
to the acpare of the load current, and therefore, their 
effect is to increase the effective rests.!.tarns# of the 
circuit by a constant amount* With' the stator or Botor 
slots closed by a thin, iron bridge, the saturation in the 
latter increases the density of flux within the slot <y*0) 
This causes additional losses which appear With toad, a,ad 
which cannot be accounted for by adding a constant amount 
to the effective resistance of the circuit* With bar ■■ 
wound stators theses losses aay reach a considerable value* 
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Si x6-v slii) rotors, the ftiBAs’ssiitsl frSiiusnoy losses 
hardly amount to any appreciable value® ( disregarding 
the scoper loss that Is due to the mils useful current#), 
because of the low frequency of the loss producing fluxes 
However, it must be pointed out that the leakage fluxes, 
being affected by satiation In the iron. Must have higher 
harmonies In then* ?’ ! 



Three modes of tooth fr@ uency flux utilisation nay 
fee indicated which produce a certain amount of lrori\lo«s* 
They arm A 

■ !A 

1* Surface, or tooth tip pulsation# \ \- 

2* Tooth flux pulsations { flux pulsations penetrating 
the whole length of a tooth) S 

\ V 

3# f%lsetlons of flux in the core* \ \\. 

\ \ \ 

All these modes of flux pulsation constitute a 
variation of flux through a small cycle superimposed | 

; * j; 

on the fundamental flux wave. As the cause of the flux' 
pulsation is a pulsetio it of the permeance of \ifch© stage©** 
tie path, the amplitutde of the high frequency pulsation 
depends a«i the magnitude of the fundamental flux at 
th« instant, 1*® it varies at the fundamental trmqxmoy* 
Considering the hysteresis pulsation loss alone, it must 
b© pointed out that the hysteresis loop of the pulsating 
flux is, in general, uusyiwitrlcai due to the pj 
of the fundamental flux® Further acre, with 
metrical hysteresis loco of the losses are re 



grm :«r than with m ordinary symmetrical loop of the 
sa'ie flux anpHtsds C -T* 10} the add/current lose caused 
by the high freoueuoy flux variation shows also an affect 
unbhserved under ordinary frequency conditions* Because 
of the skin effect in the iron, the eddy currant losses 
increases less rabidly than the a "par© of the frequency , 
for frequencies above 100 cycles* This .nfluence of 
the skin effect relatively decreases the eddy current 
loss at the tooth frequency* It must ha noted that, 
m the whole, the s ussymmetrical hysteresis and the skin 
effect tend to equalise each other ( 1*4). 

Of the 3 Banners of flux variations mentioned above, 
the first me is quite similar to the col® face flux va¬ 
riation in salient pole machines th t is due to passing 
teeth* It does not penetrate the whole length of the 
tooth, but disappears at a certain distance from the tooth 
tip*. The magnitude of the surface flux pulsations depend* 
upon the fringing of the flux In th# air gap, l.e upon the 
geometry of t he magnetic path. Thus, the studies flux 

pulsations In the rotor increase with an increase In the 
width of the rotor tooth tip, hut decrease with an increase 
In the air gap, because of th® effect at flux fringing* 

At the sa«© time a relatively narrower slot In the stator 
causes a small magnitude of surface flux pulsation In th# 
rotor. tilth both Stator and Rotor slots closed, the 
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ft*:.* puliation is red md to a ninittra* with only the 
rotor closed C ar semi closed, 5® is 00a •only the 
practice} the *ert&®e flui milsiitf-ms is 'the stator a*® 
praetieslly negligible? hut nay amount to a eoneidNurable 
vain® is the rotor { I* 4 )« 

b. 2S^JlES«3teM3ll5, 

If an individual tooth is watched, while the teeth 

of the 0 00aIt# magnetic noafeer or® oas log by. It wt ! ' 
he neticod that the oereaanee of the magnetic lath ter- 
ninatlng in the tooth in cpastian is oscillating through 
a definite cycle' which repeats it .el? with ©wry passing 
tooth- 
c* 

the erresgeMnt of teeth la the stator and rotor 
say be such that the notion of tit® rotor mmm mm 
tooth frequency variation in the total permeance of thd 
magnetic circuit* With the ratio of rotor teeth te 
stator teeth scrkedly different trm unity this varia¬ 
tion, if any. Is email, but when preeo&t it may cause 
the total Mutual flux to puleate. Actually, the «mlsa- 
tione is the total perneenee of the mgnotle circuit arc 
sore likely to moifitt thHmlm as high freqneawy 
ripples In the *»gnett»iag current than m an actual eerie* 
ttm of the total flux# r m either ese% however, ewe loss 
is caused by the pulsation of the total ■mrm&mmm of the 

magnetic circuit* If this loss appear§ as the 1 % loss 
that Is due to high freq.<ei»ey cewoownt in the exciting 




current the energy of the loss my ho dissipated as heat, 
aot necessarily within t.h« mottoir, but In the line and 
the supply generator conductors as we’X. But no matter 
where it bn consumed, within tho motor it will a-n ar 
as a mechanical load on the aotor f and therefore ife will 
always form a mwt of the in nut of the motor. (,?„?)* 

Tt has hem s hewn ex crimen tally < <?.S) that thn 
effect of the eddy currents is to reduce the amplitude 
of the flux pulsations and at the tmm® time to increase 
the :->ower loss. Three kind# of high frequency flux 
pulsations which produce eddy currents in the copper 
conductors will now be considered in turn; 

1* Pulsation of the- slot leakage flux. 

8* oulsation of fchr tooth flux oroper. 

3 * Pulsation of the fundamental leakage flux. 

Slot leakage flux can fee considered as consisting of 
radial and tangential components* The amount of this 
radial component in ::he slot pattern obviously depends 
upon the position of the stator tooth rel&lve to the rotor 
slit. M'-en the stator tooth is directly opposite the rotor 
opening, the thin rotor tooth shoulders may become saturated 
easily; and a considerable cart of the flux asy penetrate 



the slot, Thus, at tli® relative position of the stator 
and rotor teeth the amount off ths radial c©->ponent of 
the toot' leakage flux is a reaxtmui* When the stator 
«mi rotor teeth are in a Position directly o ■• i 3«it© each 
other, most off the flux passes through the teeth sad 
only a small part ■enatrates the slot. Thus, at the 
position off the rotor, and stator teeth, the radial com* 
ponent off the s’ofe leakage fluxes is a minimum* <-.?«?}* 

the tangential component off the slot leakage- Him 
is generated to exes tty the sa me wanner as the tangential 
component off the fundamental frequency leakage flux* 
yfhm&mv a flux density in any 8 adjacent teeth is different 
the tins off the teeth are at different magnetic ootent&s, 
which causes some off the flux fco cross the slot from on© 
tooth to another. As the sign off the difference in flux 
density of any 2 neighbouring rotor teeth varies twice 
during the time one rotor tooth moves one stator slot ottos 
th® direction off the tangential eoapflueBt in the slot bet¬ 
ween the teeth varies according twice during that time. 

The pulsation off the tangential slot leakage flux, togethr 
with the pulsation off the radial component, cause & part 
off the high frequency eddy currents. 
s.6 

fn m squirrel cage rotor the flux .pulsation in the 
teeth is one off the causes Off a circulating current in the 
short circuited bars* Bvery 2 neighbouring bars represent 
a closed low resistance electric circuit, which links with 
the magnetic flux in the tooth between the fears* High 



frequency pulsations of flux In the tooth induce high 
frequency pulsations in the bars, which!** turn cause 
circulating currants* The effect of these currents is 
to set up fluxes of such a magnitude and direction as 
to oppose the flux variations producing the currents. 

The regain tog flux pulsations in the teeth are just suf¬ 
ficient to induce voltage to overcome the resistance and 
the inductance of the bars* Sine© both the resistance 
and leakage reactance of the bars are extremely low, the 
amplitude of the residual flux pulsations is vary small 
(t. 3 ). thus at least as far as the squirrel cage rotor 
is concerned, the tooth frequency loss takes place not 
lo the fora of iron loss, but mostly in the fora of copper 
resistance loss In the bar windings, due to eddy and cir¬ 
culating currents {,1*75* 

In a wound rotor, especially if the rotor coaduj toxs 
are comparatively small, the damping effect of the tooth 
frequency currents is not so pronounced as in a squirrel 
cage rotor, and the tooth frequency iron loss is probably 
an appreciable item* 

8*7* Pulsation . S im - 

One more possible kind of high frequency eddy current 
loss is that due to the pulsation of the main leakage flux. 

It has been previously stated that the main leakage flux occurs 
principally in the fora of a flux surrounding each individi si 
slot, crossing the slot at the opening. The leakage 

flux that coosses the air gap is commonly known as 




as a fig Zag leakage flux* 

'ffe© felneta&oe of the oath of jttw leakage flax which 
crosses the sir gap a©sends upon the relative positi m of 
the stator and rotor teeth* When the teeth of ne mag¬ 
netic s®sfe©r am op mltm slots of the other, the reluc¬ 
tance is a ?ninIfsusi* &ihess the slots and teeth of the 

I 

stator oppose the slots and teeth of rotor, respectively 
the reluctance is a maxima. fhis partial variation of 
the reluctance nay cause sons© pribatioa in the magnitude 
of the leakage flux, and of the .pattern of the flux in 
the slots. as the amount of leakage flux depends upon 
the load current in the conductors, the possible leakage 
flux pulsation loss should vary approximately as the square 
of the load current* 


s * 8 * 

Flux pulsations in the Stator present essentially 
the sane features, as that of the rotor. the dam-log 
of the rotor flux pulsations by the tooth frequency rotor 
current increases markedly the pulsation of flux in the 
Stator C 1*1}* If there 1# any decrease in the rotor 
oulsatlon loss tint 1# <%« to the damping currents this 
decrease is made up with excess by the increase in the 
stator tooth frequency loss < jr»6*)« 
s *9. 

There are same minor losses in induction motors 
which haw sot been described above* Only 2 of them 




will h® briefly ;uafifcl©*i«*a here* me of tbaso lessee occurs 
in the on! laminae of both rotor and stator, and is caused 
by the and fringing of the stain flux. ! An. eleetromotlve 
fore® induced by this .fringing flux causes currents to 
fl®¥ in the item of the end lamina® because, ns the fitil 
changes its strength the lines of fringing flux cut the 

in a direction peraendlcular to the ©lanes of the la¬ 
minae* This lo-s oenur® at thi fundamental frequency.* 
f,he other loss occurs in squirrel cage motors only, 
aod is due to the nonalnueoldal flux distribution in the 
airgap. PrStnarily, the stator winding is placed in such 
a manner thnt the flux distribution only ap >rocchea a 
Sine wav® form ( &»g it may have a tra oesoi&al shape). 

It nay be show* that in this case the total air gap flux 
has irregular, high® frequency components* When the air 
gap flux apparently moves a* synchronous eoaed of the m~ 
chin®, only the true sine wav# (romeonent participates in 
the motion, and is useful in producing the driving torque 
of the aotor* The effect ©f the irregularities in flux 
distribution Is to produce circulating currents in the s*wi~ 
rrcl cage bars, which increase the no load loss and oaka 
the flux v^ave more nearly sinusoidal* 

8*10 Stray load tosses . 

If the external causes of loss in induction mot®# 
are excluded, such as those caused by an unbalanced voltage, 
a on sinusoidal Voltage wave, etc., the losses described above 
mmm to cover all posalfeM nodes of a© ■reclabl® md non* 
productive expendltu® of energy within a machine, it seems 




to be logical* therefore, to look for the stray load, losses, 
l»a* the additional losses appearing with load, among 
those previously deseribed* In order to do this, It is 
necessary to see which of all the losses vary with the load, 
and in what manner. (1*3#) 

First, it will he noted that some of the losses act¬ 
ually decrease with load. Consider, first instance,the manner 
in which the fundamental frequency flux changes with load. 

Iith a constant impressed voltage, the flux which links with 
the primary winding decreases slightly with load, because 
of the Id drop in the primary winding. This causes a slight 
decrease in the fundamental frequency iron loss. 

On the other hand, there are losses which definitely 
increase with the load* As th® leakage flux is the only 
loss affecting factor that changes with load, it must direct¬ 
ly or indirectly account for th# increase in the losses with 
load, i.e., It mist account for the stray load loss. In the 
first place, the leakage flux produces a fundamental frequency 
eddy current loss in th© rotor and stator conductors* With 
a bar wound stator, this eddy current copier loss may reach 
an appreciable value* In rotor bars this loss hardly amounts 
to ouch, because of th# low rotor frequency. In any case, 
the effect of this loss is to increase the effective copper 
resistance by a constant amount* 

Furthermore, th® leakage fluxes are likely to produce 
a high value of saturation in the tooth tins end, Parti¬ 
cularly, the thin tooth tip shoulders of semtclosed or closed 



slots* --bis saturation in th# tPofch afrmtders causes a 
redistribution of flux In the. **i?$ap f and, what is acre 
iawtajti in the slots, • very time the leakage flux ex¬ 
ceeds a certain value* This occurs ©very half cycle* 
Accordingly, th© ’cad leakage flux in he slots, when 
iron tooth tii shoulders gat saturated, lias oronounecd 
higher harmonics In it* "Ibis inc"’eases the eddycurrent 
losses in the co = er conductors th t are due to the fun¬ 
damental leakage flux, and may ac-.-ount for the » face, 
th t' machines which h -v« closed slot® in both rotor and 
Stator show a high vain# of tha stray load loss* (-T.10). 

a * u - 

Another ihm&mmm that say contribute tv the stray 
load loss is the tooth pulsation of the main leakage flux* 
Consider the extreme^ case of s closed slot rotor. At 
low ■?. cad, when the rotor leakage flux is low, the iron 
bridges that ©lose the slots are not likely to become sa¬ 
turated. Such being th© cats©, the iron bridges represent 
a sufficient magnetic shielding again* any effect of th© 
stator tooth upon the distribution of the leakage flux in 
th© rotor slots? i»# no tooth mlsation of the rotor leak¬ 
age flux is possible* rfh8B th© motor is 'ceded th® rotor 
leakage flux assumes an apjfftolabla vain©, the thin iron 
bridges becomes saturated easily* tooth pulsation appear 
in the leakage flux th t crosses the slots* Th« addy 
current \wmv loss caused by these pulsations contributes 
to th© stray load loss* 
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Within th® stator and rotor to th themselves, leakage 
flux cause some distortion .in the main float* The 
figure is intended to illustrate this point. Though th® 
leakage flux tht is due to th© cutout in 1 is distributed 
through the cross see titan of tooth t $ its density is not 
uniform throughout the cross section-of the tooth, being 
greater near A soil lass near B* Similarly, the leakage 
flux, density th t is due to rs is greater near 3 sad lass 
near A. If the direction of the main flux is as'shws fey 
th© arrow, it is obvious that the resultant flux is of grea¬ 
ter density near A, and of aamailer density near ?* Thus 
tho effect of leakage fluxes within the teeth is to distort 
the resultant tooth flux, crowding it to one side of the 
teeth. This ef ;, eet Increases with load and may account fhr 
a wt of the stray load losses. 



As may he seen, the stray load loss in. Induction motors, 
whose satisfactory method of experimental determination is 
still a problem. Is very likely a composite effect of several 
factors* The relative importance of these factors can hardly 
bo discussed wlhtcut further experimental investigation.. 
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Tsaoerataird alee . 

9*1® Introduction . 

The aaxlKUi allowable temtoratar® rise of any elec¬ 
trical apparatus die tat® its overload capacity- <B«1)« Any 
further overload fop a longer time will result in the des¬ 
truction of the insulation thereby causing the breakdown 
of the machine* Th© modern theory on which the thermal 
rating of the dynamo electric machinery is based considers 
that th©a© is a certain working temperature, mhom which 
the insulating statorials undergoes thermolysis. This Is 
the critical temperature for the type of Insulation ©a- 
ployed. Below the critical temperature, it is supposed 
that the working life tin® of the insulation is indefinitely 
long. Motor insulations are defined in three major classes* 
A» B and H for which limiting tot spot temperatures of 
195%, 130°C and 180° c in continuous service are recog¬ 
nised-* The other reasons for limiting the temperature 
rise of a actor are? (B.2) tit© resistivity of copper 
increase linearly with temperature* and the different 
thermal expansions of iron, copper and other materials 
give rise to mechanical atressde and disi&ae«§«®t8 s that 
cause progressive deterioration* The resistance of cooper 
increases in the ratios of 1 to 1*534 to 1*83 to 1*61, m 
the temperature is increased from 40 to 108 1 to 189 to- ISOoc 

\ * ®?S — —- where T is ®0 

Thus* a motor designed for the limiting temperature' of 
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#iS3 H .Insulation is handicapped by 22 screent greater 
cooper resistivity than on® similarly designed for class a 
insolation* 

American standards assure a normal ambient tempera¬ 
ture of not over 40°C and allow a temperature rise at full, 
load of S0°G by resistance method* ( 40°C fey thermometer) 
for a .general, purpose motor f 63°G rise of resistance is 
allowed for special purpose motors, with class ,A a Insulation 
80«c frail class B, and 120®c for class b insulation* The 
values allow for diffrentials of S®C 0 10* c and 20*C 
respectively, between the hot spot and the ( average) tam¬ 
per-'-tore measured fey the resistance method* 

Three methods of measuring temperatures are recog¬ 
nised toy British standard Specification 169/193 and they 
are ( B* 3) ^—- 

Thermometer Method 

Resistance Method 

Embedded Temperature Detector Method 

Hmmm&m . Btiwu 

When the thermometer method is used the temperature 
of the machine shall fee measured fey thermometer Applied 
to the hottest accessible surface of the ifeattiomiyy part# 
of the machine during the test period* and toy other ther¬ 
mometer# applied to the accessible surfaces of the rotating 
parts as soon as the machine is stopped, after the test* . 

The thermometer# may fee Mercury or alebol feulfe thermometer* 

<» J*9)* 
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When the tell? thsraometers arc employed in placed 
where there is any varying or moving magnetic field* 
alcohol thermometers should be used in preference to raer- 
ciiry thermometers as th# latter are unreliable under these 
conditions# 

In all cases the bulb of the thermometer* except at 
the point of contact shall he covered with a pad of felt* 
cotton* wool or other new conducting material l/8 n thick 
extending at least three quarters of an inch in every other 
direction from the bulb and pressed into contact with the 
surface to which this is applied* to prevent loss of heat 
by radiation fro® the bulb ( y#4)« 
gsslstance Method . 

In this method the moats temperature rise of t ha 
winding shall be determined by the increase in the reals—" ■ 
tance of the windings themselves, and checked by thermo¬ 
meters applied to the accessible surface of the windings 
to ascertain whether there is any higher local temperature. 
The highest of the temperatures thus found shall be taken 
as the temperature fey resistance method ( j.4) 

The temperature of the windings as measured fey 
thermometer before commencing the test should not differ 
from that of the cooling medium. The initial resistance 
and Initial temperature of the winding shall be measured 
at the same tine { J*4). 

Since the resistance of copper over the ran g e 
referred to in this specif lea ti m varies in direct propor¬ 
tions to the temperature ( above ** §34*5 he ) the ratio 



of hot to cold temperatures may be obtained from the rati© 
of the rasistaaeasj fey the f gratia $ 


% m % C ~ S3*«8 
Hi % C ♦ S34*S 


VtMHNt 


^2 * Resistance of wtdlngs hot 
HI * Hoststance of windings cold 
T2 * Temperature of windings hot 
fl « Temperature of bindings cold. 


Embedded temperator© Detectors are resistance ther* 
mofeefcers or thermocouples built into the machine during 
construction at points which are inaccessible when the 
machine is completed. this term does not include the 
necessary measuring instruments* 


When the internal temperature of a machine is to 
fee measured by imbedded temperature Detectors* at least 
six detectors should he built into the machine, suitably 
distributed around the circumference within the slots, all 
reasonable efforts consistent with safety being made to 
hi see the Embedded Temperature Detectors at the various 
points at which th# highest temperatures are likely to occur 
When the winding has more than on® eon per slot; 
the detector is placed between the upper and lower coils 
in the slot* 


In the case of a winding having only one coll pm 
slot* the detector is placed between the outside of the 
©oil and inside fof the slot lining at the bottom of 
the slot* 






tbs temperature of a machine shall whenver possible 
fee taken during working as well as after stooping the 
machine? the highest temperature thus obtained shall fee 
adopted# When successive measurements shew increasing 
temperatures after shut down, the highest value shall fee 
taken* 

m the case of rotating parts, if the in tergal 
between the instant of cutting off the power and measuring 
th® temperature after the machine coraes to rest, suitable 
corrections shall be applied so as to obtain as nearly as 
practicable the temperature at. the instant of slut down* 

(J* 2). 

*'/h#Q the temperature rise of a machine is measured 
hj tht increase in resistance as a commercial test it h 
to be observed that more t ban commercial accuracy is re** 
qui red, if accurate depletion of temperature are to be 
obtained* ( 1*4) 

The temperature coefficient of increase of rests* 
teuoe of copper for 1 0 C rise is approximately 0*4# so- 
that instruments must read within tibia oercentage if the 
temperature is to be deduced to within l& 0* fb@ deter¬ 
mination of resistance therefore to the third significant 
figure doe# not always determine the temperature to with in 
1%* for instance, if the resistance of a coil is about 
1 ohm its resistance at a higher temperature is order to 
determine that temperature with accuracy mast be Measurable 



down to tour thousandth of an ohm. ( 1.6) . 

In order to determine the teiaoaratures of the 
wMings when hot, an accurate measurement of resistance 
and associated temperature wist he taken when the windings 
are cold* Special precautions should be taken in. the ease 
of large machines ia view of the inaccessibility of the 
windings, and the possibility of unequal temperatures 
in different parts of the machine* These cold readings 
therefore should he taken after the machine h s been stan¬ 
ding for sometime, so that it may have assumed the tem¬ 
peratures of the surrounding atmosphere* In the case of 
large machines, this length of t im may quite mail be 24 
hours or longer, and in engine rooms which are subject 
to fluctuation of temperature, further precautions will 
be necessary. 

In the case of rotor windings the resistance of the 
brush contact is appreciable and should be eliminated from 
any measurement of the resistance of the windings* In 
order to do this a special brush should to used which is 
insulated fro at the rest of the brush gear and serves only 
to carry the small voltmeter current from the ring surface. 
9 * 4 Ma&afeMM. t By the 

Xht»,.Saptlfti Method* 

In specifying the full load temosrature rise of the 
winding of a single phase and polyphase Integral hors® power 
motors* I8KJL publication MS 1*1949 maintains a tempera¬ 
ture difference between rise by the thermometer and rise by 
resistance of 10°C except in tie case of totally enclosed 



fan cooled motors where this difference Is S°C m il 
possible reason for this small difference in temperature 
rise fey resistance and that fey thermometer of totally 
enclosed fan cooled machines might fee tbs fact that these 
motors are usually single end ventilated and the windings 
on the fan end arm much cooler Han on the other end* 

During the last ..10 years manufacturers have pro** 
doped general purpose open type single end ventilated 
motors and the question arises as to whether the 10® c 
or 5® <2 temperature differential should fee adopted for 
the open type motors of single end ventilators. When the 
original ABSB standards werd adopted ®st motor manufac¬ 
turers were using glass tube thermometers for measuring 
the temperature rise of the motor windings@ while today 
they are using surge© thermocouples for economy and con¬ 
venience* 

A* per the definition of w Thermometer Method of 
Temperature Determination's it should make no. difference 
whether the temperature is measured fey the glass tube 
thermometer or fey the thermocouple, tn. Practice however 
the definition is not followed and the thermocouples are 
. placed mi the hottest soot of the machine accessible to 
the thermocouple#, thus obtaining ranch higher 'temperature 
nearer to the actual temperature of the winding. 

8*®*- 9mm* in his Paper, C J*4) * Determination 
of Temperature rise of 'induction Motors' 1 submitted the 
reaftlts of %mmperaturm rise tests on 228 motors from 10 w.f* 
Those teats show that the temperature rise fey thermocouples 







show as well or more than the rise by miftssee* 

Veinott com® to the consliision drawn 

tvom the results of S8S temperature tests taken in frac¬ 
tional hors© power Hotore* 

The temperature rise of single phage Induction 
actors measured fey surS&e© tharmoeoupies average as much 
or pore than the rise fey resistance* 

The surface thermocouple method of temperature 
measurement should he recognised as a distinct method 
Instead of classifying It with the thermometer as done 
in the or ©sent MSB standard ?!$• 1* for purposes of 
rating the limits assigned to this method of deter mining 
the temperature rise may fee the same as those assigned to 
rise by resistance* 

If the method of determining the temwratnre rise 
of single phase motors is to be ahaagedg the present limit 
of 4l^C by thermometer could he changed to SO°C by resis¬ 
tance on §0 € by surface thermocouple without appreciably 
affecting the actual temperature rises* 

hut of the 92 commercial temperature tests done by 
CUP* Potter on 4 pole 60 cycle single end ventilated open 
type motors It was found that 50# of the tests show the 
difference between the temperature rise by resistance and 
the temperature rise by the surface thermocouple® was 2°S 
or less and in 74^ of tests this difference was a°!C or 
less { l*e) for all practical purposes the temperature rise 
by resistance is the mmm as that by surface thermccoapl# 
on this type of motors C J.15 





The temperature diffrentlals in single end. vdn- 
tllated open typ© motors are substantially tho saai as 
far double ©ad verita.-.toi machines and no changes are 
desirable In the temperature standards ©a that account. 

the temperature rise measurement fey surface thermo¬ 
couples which are used cmmmly for this purpose, sires 
much more accurate results and .1® more convenient and 
cte'sendable. S© <S*p* hotter recommends C 1-3) to abolish 
the w Thermometer Method of Temperature Determination** 
for rotating electric machines and to define m The thermo¬ 
couple method of Temperature Determination' 1 ant! spectfted 
in the dace of w Thermometer Method of Temperature Deter¬ 
mination* , using the same present temperature limits, now 
specified for the temperature rise by resistance method. 
yeti t llatlon . 

lasting is frequently t ho factor which determines 
the size of €.actrical machines and structures wholly un¬ 
necessary mechanically are forced m the designer by tem¬ 
perature limitation* As improvements were mad# in the 
characteristics the limit of teanerature rise became more 
important* for the reduction la sizes of machines insu¬ 
lation capable of standing higher temperature must fee used 
and methods of cooling ;mf be devised to dissipate larger 
losses from the mm active material* Unrestricted path 
must he provided not only for electric flux and magnetic 
flux hut also for thermic flux. 

Various types of enclosures are commonly used. 

—Ill— ■ 






fh« ©pern type Is adopted where skilled attendants are 
handlin' the machine* the screen protected ty m has 
the various openings covered with expanded natal and is 
very ©en ion amongst small and msdiusi sised machines* 

?Se drio proof t/o© of enclosure is intended to protect 
a machine against falling water or particles of dirt 
as in boiler houses mi similar positions. ~ 5 ipe venti¬ 
lation used for industrial motors are employed to obtain 
a suooly of clean air as a protection against cosmical 
furaes and dust* Totally enclosed machines with closed 
air circuit gives <#iite good ventilation. 

AS regards ventilation the radial, the axial and 
mixed flow are adopted { J.7) Attachment of blades to 
the rotors of squirrel Cage Induction Motors is an exam- 
ol«* In this system air is drawn in over the hearing 
housings, passed through and around the stator and winding 
and expelled through openings in the yoke. For core 
lenghts longer tfan ** this arraagsaent is sot satisfac¬ 
tory. Radial duets are used to overcome the difficulty 
of hot soots. For smooth bore stators and rotors the 
radial duct scheme has a number of disadvantages. It 
requires close attention during manufacture to ensure 

that the correct number of laminations ar0 £* ace< * iQ mmh 
packet so that the ducts come opposite to one another? 
¥h@n the rotor is assembled in the Stator. Abo at ’peri¬ 
pheral a.«ed 8 over SODO ft. per minute the passage of air 
from the rotating to the satisfactory duct tends to make 




the machine noisy. Although the ©if entering the sta¬ 
tionary duct has a velocity which readers It very effective 
for absorbing heat its small volume causes it to reach 
the tea aerator# of the duct after which it can pie! no 
so more heat# Under such circumstances a separate fan 
is also used* Purely axial ventialtioa with axil# duets 
la laminations of both stator and rotor are also used 
for Induction Motors# If a fan is mounted at one end 
of the machine this' system giyes a number of advantages 
over the more conson forms of radial ventilition* The 
nixed type will have the disadvantages of both hut is 
better suited when there is a good amount of iron behind 
the slot. Also fin should be so pfcsitioned to avoid 
opposing effect! ©f the fan head and the natural head 
of the ducts. 

A« mentioned the different methods of determining 
the temperature of the machine are thermocouples imbedded 
in coil#, thermometer# and resistance variation, and ell 
of them indicate different values. Hence* for fixing the 
standard if method of thermocouple# are employed the basis 
will bo hot spot temperature and' if thermometers are ®a*» 
cloyed the basis will be mean temperature. Also various 
types of colls have different ratios between their hot spot 
tempera ture s and average t®rsapars tur# * The hot sot tem¬ 

perature is made up of temperature difference between the 
hot spot and the dissipating surfaces over which the Ar 
flows, temperature difference between dissipating surface 
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mm which the air flews heaTOrature difference between 
dissipating surface and cooling air* 

Temperature rise of cooling air. 

Is a axialy ventialted machine air massing through 
the rater collects heat from the stator inlet end wind¬ 
ing and rotor duett while air oast log though the stator 
collects heat from the stator sore and the outlet winding. 
Heat flow from the inert or occur axially* radially ami 
circumferentially* When the temperature of a ma&hiite £« 
higher in the embedded oortion than in the end winding 
sxial heat flow results. Also in machines with radial 
ducts heat flows across the lamina tions towards the sur¬ 
face of the ducts* The temperature of gradfent across 
lamination® vary with the amount of insulation' between 
laminations, dadlal heat flow occurs in axially venti¬ 
lated machines* It also occurs along armature and stator 
■teeth due to the actual iron loss gearatad in the teeth 
and also due to cooper loss in adjacent slots* fia the 
case of armatures mounted on spiders sons heat is trans¬ 
mitted down the solder arms and collected from the surface 
of the Spider by the cooling air* - Although spiders usually 
have ©large dissipating surface* their efficiency is spoi¬ 
led by the restriction of thermic flux to a small cross- 
section and thus causing excess!/* temparatur# gradient. 

In s one case® the dissipating surface in contact with air 

< . 

are the outer surface of the laminations and inner surface 
of the yoke* As all heat flowing into- the yoke mst pass 


through the 4 narrow anas on which the laminations are 
mounted the thermic flux is again restrict© I* " : ihm 
the rotor or stator is Ineapfefela. of dissipating all the 
heat so«te transference takas olaea across the gap* Cir¬ 
cumferential heat flow occurs in hath radial 1 ? and axial ’ 
ly vcntlaltsd machines from the conductors la a slot to 
the coil wall* the tenneratare gradient with round wire 
type coil can he improved fey filling up air spaces with 
feitumen* When coils narrower than- width of slot arc 
used temperature gradients my exist on. account of the 
air ©paces* 

the cooling media and the cooling surfaces ar# 
the n to be studied in connection with heat dissipation* 
the cooling media moat frecently wised is air* It raay 
he drawn through machines by natural windage or by fans 
and after Picking up the heat it is usually carried a 
short distance away by its momentum* Hydrogen is also 
mod in place of air ia closed circuit due to its higher 
thermal conductivity and lower vlndagd losses* Mr and 
water in series with mo another is also used* Ri this 
east heat is picked up fey the air in the machines trans¬ 
ferred to the water in the cooler. If the tmimmimm 
difference between the hot spot and the dissipating surface 
Is a considerable proportion of the total allowable tem¬ 
perature rise of the hot spot, the quantity of the cooling 
medium will have to fee larger than would normally fee supplied 
In pipe, ventilated machines the air temperature rise -may 





much. 65$ of the allowable temperature rise of the apparatus 
and 30 to 80 $ is more usually adopted. But temperature 
rise of the cooling medium earn never he allowed to approach 
the allowable temperature rise of the machines Thus for 
40 C temperature rise 1 gallon of water per minute for 
purely water circulated machines and 70 to 100 c.ft of 
air oar minute for purely air cooled machines will be neces 
sary. Doubling the air quantity cannot halve the tempe¬ 
rature rise and in fact if quantity of air is increased by 
20$ the drop in temperature will be between 4'f and 12$. 

? hough turbulences increases heat dissipation it is un¬ 
satisfactory to rely noon very high rate of dissipation 
at certain localised points. Both water gauge pressure 
due to turbulence and air volume are necessary heat trans¬ 
fer at higher air speed and turbulence is due to the re¬ 
duction of the thin stationary air film adjacent to the 
duct wallrIn which most of the temperature difference 
occurs. Next considering v the cooling .surfaces* ducts 
with smooth surface have lower coefficient of dissipation. 
The air passage is through the belt below the slots. 

2) the portion between the teeth. 

The dissipating area of the duct below the slot 
includes both walls of the duct both sides of the mams 
and the portion of the coil corresponding to the bottom 
of the slot. For .th# portion € the duct between the 
teeth* both walls of the duct, spaces and sides of the 
coils adjacent to the duct should be cow leered. Hadis! 


ducts in machines with smooth bore stators and rotors 
as in induction motor ere very lotfficslw regarding 
cooling# In ascft&nes with air gaps of less than X/8” 
the flow of the air through the gap can he Ignored as 
the volume of the air passing throu|> It is very small* 

The design of a suitable fan is of primary 
importance for effective heat dissipation. The fan 
is considered to generate a certain water gunge head 
and various hand- losses in the interval circuit in the 
fan are then deducted from the gen®rated head to obtain 
the avaibleble head. The various special constructional 
features of the fan are considered »s a means of reducing 
the internal drops. The centrifugal type U more often 
used as propeller type do act generate sufficient pressure 
at the usual spaed of motors. Formula are available for 
generated head and losses of dtf ' event tyoes of fens* (1*11) 
Causesof. * 


Cause 

m# 4#m m <m m* <*># ** #w #n» -m 


Fcvmlm for Pressure drop 
in inches of water guage 


Example 


Sudden 
cootraction 

Sudden 

Expansion 


Sudden 

bend 


0*031 V® 5 V « Velocity 
after attraction. 

0,062 { ?i - % >? 

V» m velocity before expan- 
1 sion 

? * velocity after expan¬ 
sion 

0.o62 yf* | 7 * velocity 
at bend 


Inlet to duets 


Outlet from ducts 


Passage from 
axial to radial 
duct* 


The outlet lose, Inlet loss and friction loss 
are the head losses in a fan* The outlet loss relates 
to tie stored energy in the moving air discharged into 
the ataos .here* A. diffuser is used to reduce the loss 
in which air from the fan is gradually slowed down by 
providing an increasing cross section of path* This is 
a dif"user* A volute Is sometimes used to collect air 
direct from the blades but is not very effective la con¬ 
junction with diffuser* In. electrical apparatus the fan 
is embodied in the machine and the scope for employing dif¬ 
fuser is limited* Inlet loss is die to the turbulence at 
iraaact of the air with the blades, just as the particles 
of air become caught up fey the blading* The method to 
reduce this loss is to curve the blade at entry to fee para¬ 
llel with the normal direction of air flow and theagifeg a 
gradual change of direction* In take loss is high in high 
s peed. Small diameter fans. Sven with very good condi¬ 

tion intake cannot go below 20$ of velocity head at intake. 

If h Is the pressure drop in inches of water gunge across 
the machine excluding the fan the sir speed will fee about 
25 J2240 h. 

There are certain limitations on fans for electrical, 
machines. In low speed machines upto 2* diameter it Is not 
practicable, to have a fin larger than the yoke diameter though 
the steclianiOrsX stress on blades would permit larger fans* 

Also the Inside diameter of tmtm is fixed by the back plate 
and shroud diameter* thirdly curved Hade fens cannot be used 
in reversing machines and only radial blade type can be adopted 




laloh ’’oore has discussed < J*8) how two centri¬ 
fugal fans in series neralts greater efficiencies m 
variable load than in parallel. In this system each fan 
feeds one half of the machine at full out put# In case of 
breakdown of one fas the other can still fee used. There 
is also argument in favour of the series system fey rotating 
the fans in opposite direction# 

9.6 ^JljtOUi!^ 
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tn the -past heating problems were usually solved 
fey adding more active material to the machine, by increasing 
the dissipating, area fey means of fan, however, in recent 
years the demand has been for nor® Horsepower oor pound of 
material# Tn addition, industry in general is beginning 
to look With disfavour upon fee high noise level inherent 
with bigger fans# Under those circumstances, it is impera¬ 
tive that air techniques f<*r predicting motor heating fee 
greatly improved# 

The method is an- equivalent thermal circuit based 
on the similarity of ohms law of electrical eaduction and 
Courier’s law of heat conduction* To fee simple, this 
deals with the taasneratur© rise of totally enclosed non- 
ventilated squirrel cage Induction Motors by means of an 
equivalent thermal circuit. This covers normal slip 
?aae bines having, no effective rotor or stator ventilating 
ducts* This is for steady state heating condign. 

This circuit represents the theraaL&rcuit of the 


entire machine ratter than certain positions of tie motor. 
Kaeh thermal quantity will represent a source of watts 
loss In. the motor, and the fine rated potential across each 
genrator will be a function of the pnerated losses. 
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The basic equation for the circuit is != WH$. 
When E$ - the thermal resistance of the element. 
i* » the rate of flow of heat energy through the element in 

Watts. 

*j» * the thermal potential causing the flow cf heat energy 
when the flow of heat is °ure. 



Key to symbols in the figure. 

_q __ generator representing motor heat losses 

_yv/vvyyn.— thermal resistance. 

Complete thermal ecpiwalent circuit of the 

totally enclosed non-venUlated IndBCtion 18 3hc " n 

m figure. The theraal generators In the figure represent 


the following s 

^ - 2. Tooth iron 

1, core Iron 

. . * f.rt v'T»T» 4. Slot stator cooper 

3. coil head stator copier 

6# Hoter end ring* 

5. Windage 

3. Bearing frioting. 

7* Eotor Bar 

MO Ha8 . Boundary resistance where heat oust 
transferred fnnrn a surface to air or rice versa. 



The simplified thermal circuit Is sham in the 
next figure* ' This circuit containing 3 thermal genera¬ 
tors is completely explained ia the figure* Although 
the circuit is somewhat involved, the solution of the 
circuit itself is not a real problem? rather it is the 
determination of the constant which orasent the real 
problem. As a whole, those resistances, representing 
pure conduction can be dot rmined relatively simple. 

Even if the constants are known with fair degree of accuracy 
it is improbable that the designer would make frepuent 
use of the circuit unless a d.c net work analyser or a 
degetar computer was available. 


CHAPTER X 


Rating of Induction Motors * 

10*1 Introduction* The Importance of an adequate system 
of rating for industrial motors can hardly be overemphasized. 
The rated horse power of a motor is a measure of its working 
ability, for whose integrity the entire electrical industry 
is responsible. The name plate rating implies a host of 
different spall ties built into the motor, including over¬ 
load and starting ability, temperature endurance, high po¬ 
tential strength and other matters covered by national 
standards. For the economic use of motors, the fair com¬ 
parison of competitive designs, the maintenance of a proper 
and not excessive variety of types, the intelligent handling 
of power supply and control problems, and for many other 
reasons, it is essential that American Standards of rating 
convey a definite guarantee of balanced characteristics and 
spality in motor design* 

The as sente of the rating problem is to find a simple 
test procedure that will unicpely define the output limita¬ 
tions of the apparatus in question* The outputs of g as 
engines, steam, locomotives pumps, turbines and other mechan- 
eal apparatus an® limited by mechanical considerations. 

Their eontinuous output ratings are, therefore, very little 
below their maximum momentary capacities, and users do not 
expect to load them appreciably beyond their ratings, even 
momentarily* On the other hand, te output of a transformer 


is limited almost entirely by thermal considerations the 
theoretical point of maximum output with a constant voltage 
supply being far beyond the safe thermal limit* lienee* 
transformer users may permit high short time overloads* 
so long as prescribed temperature limits are not exceeded* 
Electric motors are subjected to mechanical as 
well as thermal output limitations, both of which must be 
recognised In a practical rating system* the thermal 
limits are controlling in continuous operation, with present 
insulating materials, so that the close similarity between 
motor and transformer methods of rating that has lalways 
existed is entirely logical* In many cases, however, such 
as hermetic refrigerator motors, responsibility for codling 
is entirely in tti® user* s hands, so that usual teaoeratur© 
rise guaranteed will not foe made by the motor manufacturer. 
Future trends will, therefore, assuredly require a rating 
system based on torque ability alone. 

10*2 History * 

k thorough discussion of the motor rating c^iestion 
before the Instltue and by the entire industry by isout 1925 
resulted in the adoption of the present American System of 
a Angle continuous rating with 40 degrees centigrade rise 
for general purpose motors* the exclusions were C •1*1)* 

1* Any basis of rating is at best merely an arbitrary desig¬ 
nation of else. It is merely one of many that might 
be chosen* 

2. Sating alone i s Insufficient sod must always be supple¬ 
mented by a clear definition of the service conditions 


for which the rating is ehos9B« la fact, dots**ml nat ion 
of tB® usual service conditions mat necessarily precede 
the determination of a ail table basis of a rating® 

3. gating alone' is an insufficient indication of the inherent 
ability of the motor to perform satisfactorily under 
service conditions and dity cycles differing from the 
usual* It is merely one Indication d* size and must be 
supplemented by other service information to -eristt 
the intelligent selection and econo tie application, 
fhe following were the recommendations sad® (1*1) 

1, The division of industrial power motors into 2 classes 
with the dividing line at 300 hors© power and in each 
class: 

2* A normal continuous-duty single rating for the open* 
type motor as the standard designation of size* 

3» Weil defined usual service conditions f or the normal 
rating. 

4* Service information showing permissible loadings under 
other duty cycles or mother service eondtt ons different 
from the usual service conditions. 

5« Specialised actors with special ratings only where 
the performance characteristics repaired or the nature 
of the duty cycle do not permit of applying a sertSre® 
f%#or to the normal rating of the standard motor. 

Four of these fivd recommendations were carried Into 
effect in the AXES and national Electrical Manufacturers 
Association standards and experience since Ms well justified 
this action* Mr. Collect* fourth suggestion, however, that 
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iftfanBftticm should fee prepared, showing permissible loading 
of standard motors under other duty cycles or unusual service 
conditions, ss never Mm adequately carried out nor iacor- 

poratcd in the industry standards* 

The progress of the art between 1929-39, Inciting 
the devcioeaent of the modern automatically controlled cyclic 
loads of air conditioning and refrigeration, has brought 
a tremendous increase in number and variety of motor a.-riU~ 
cation* The recent trend has Mm to develop many epcdial 
motors, each adapted to drive a particular Piece of mechani¬ 
cal equipment, often with overload and starting abilities 
much in excess of those normally associated with th^ri name¬ 
plate continuous ratings* 

The Objectives of revised standards should fee to 

specify a standard type of -rotor adapted for the greatest 
variety of applications and to facilitate the economic use 
of the full capacity of the motor under all service condi- 

tiona. 

19*3 The Present.MtiQ EuJlltS^. 

Present American Standards provide for two brand 

classed of continuous-rated motors C JF*8> 

General-Purpose motor® C SDO hors© power or loss 
and 450 r.o.m. or more) have a atngle continuous rating hut 
wist be suitable for carrying US per eent of rated overload 
continuously under usual service conditions, with the anbient 
temperature 40 degrees centigrade or lover. Ihese motors 
are offered in standard ratings for use without restriction 
to a particular application. They ** required to seat the 
low limiting temperature rise of 40 degr es centigrade by 
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thermometer at rated load, to allow a greater factor of 
safety where the service conditions are unknown# 

Special parses® actors, specially designed for 
a Particular power application where the load requirements 
and duty cycles are definitely known, have a single conti¬ 
nuous rating of Si degrees centigrade rise by thermometer, 
without any continuous overload retirements. 

The standards also specify minimum values of 
starting, pulliip, and breakdown torques for each type and 
class of motor# 

These provisions should undoubtedly be retained, 
but it an ears desirable to add to or modify them in four 
respectss • 

First, the b tandards s hould include operating re* 
commends tions for general purpose motors in intermittent or 
varying load service and in different ambient temperatures, 
so that the Inherent overload capacity of the motor can be 
safely utilised# This is in accordance with the American 

Standards for transformers* 

Second the general usd of small motors in intermi¬ 
ttent rather than continuous service should be recognised 
in the standards by requiring relatively greater starting 
and breakdown torques and greater temporary overload capacity s 
than for large motors* Unless sadi provisions are male, off 
standard motors will be used teas increasing extent and con¬ 
trol problems will be complicated, to the detriment of the 
public as a*ole* . . ■/, 
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Third, the more general use of various protected 
motor designs suggests th t their allowed temperature rises 
be reviewed and their ratings he made more nearly comparable 

with general puroos® motors* 

Fourth, the mors complete utillstion of motor over¬ 
load capacities, implied by this program, should be accom¬ 
panied by more exact determination of Insulation temperature. 

In many modern designs, especially of protected motors, the 
windings are quite inaccessible, and thermometer readings on 
exposed parts do not accurately measure tot spot temperatures, 
tt appears desirable, therefore, for the standards to require 
that stator winding temperatures be measured by resistance* 

(I* 3)- 

10.4 overload a yiU Ii & a£ai^^ 

Assuming adequate Mechanical dirength, the measure 
of a motor*s momentary overload capacity * the adequacy of its 
torques, giving assurance that the motor can bring the load 
to speed and carry it under low voltage high friction, or 
other unforeseen temporary conditions. American standards 
now require that general purpose Polyphase induction Motors 
shall have a breakdown torque of not less than 200 percent. 
Allowing for ten percent reduction in voltage and 20 jareeat 
margin for variations In individual conditions loading , this 
200 percent breakdown torque will enable loads not over 135 
oer cent of the rating to be carried aucaessfully, subject to 

heating limitations. 

Therefore, under the present standards,, motors cannot 


b© relied upon to carry momentary© verlonds of mo m than 35 
o©r cent in excess of the r atlng, under a reasonable variety 
of service conditions# In practice* designers normally pro¬ 
vide more breakdown fcorcfu© than rdqutfdd by the standards 
esoeclal’y for the smaller and higher speed motors* so that 
aany designs can carry considerably greater start time over¬ 
loads* 

The starting current of a large Poly Phase Induction 
Motor is almost directly proportional to the maxiasna or break" 
down torque. the starting current is therefore, an excellent 
measure of the short time overload ability* 

With the adequate torque margin^ the remaining 
important factor In overload capacity Is the temperature rise, 
this must be low enough to ensure adequate life under the 
expected overloads* While there may be other objections to 
high temperatures in special cases, the chief purpose of 
11 -iting the standard temperature rise to protect the public 
from the inconveninence and loss that would be occasional 
by motors with a short insulation life* As the actual life 
that a actor will have under a given temperature cannot be 
determined by acceptance tests alone, it is peculiarly im¬ 
portant that the standards provide for safety in this rospect* 

When end if & insulating material® of greater tem¬ 
perature endurac** come into use, they -may be utilised to 
permit reduction 0 is® motor six*®, with a higher continuous 
rise* It seems desirable, however to use such higher tem¬ 
perature metiers!® and limits first on totally ■enclosed -machines, 
permitting interchangeable dimensions with ©one* type motors 
of present temperature limits* For ops an ty pe motor® with 
liberal overload torques, and reasonable efficiencies, it costs 



thsrmmtee v%V normally havd an actual hot spot tempera-' 
tup a of act over 13® degrees centigrade, when operated con- 
tlnuously at 115 oar cant of the rating, in accordance with 
the standard service factor, indicating shout tan years’ 
useful life. Since, in practice, the average ambient 
temperature is the United States is gnerally u>el©« &j uegi v ®*' 
centigrade, the typical motor operating continuously at 
115 per cent of its rating will have an average hot spot 
temperature of about 9) degrees centigrade, giving an indi¬ 
cated useful life of roughly 25 years. When -otors are 
operated below their ratings considerably larger insulation 
life may be expected* 

If, however, a motor is employed, an intermittent 
service, with short time overload periods repeated at 
tut rvals of hours, days or longer, and periods of complete 
idleness between, the actual life of the motor at the seme 
loading, may be considerably longer, temperature alone con¬ 
sidered. therefore, reasonably higher temperatures may be 

permitted on intermittent service. < I.S) 

W® shall assume that whether a motor Is operated 
at a given high temperature on® month In every tan,'or an 
any' other cycle with the motor idle d nine-tenths of the 
time, the insulation will deteriorate at the same average 
rate, giving the mm total years of life- We shall assume 
also that the temperature life curvd is a constant exponent id. 
curve and the temperature variation are not accompanied by 
other deteriorating conditions, such as variable dirt, or 



for the desired lateralttaacy always occur at the US per 
seat load point on the standard motor characteristic curves, 
gmog the sa m torepc clrace eristics as la continuous opera¬ 
tion at the original 115 oer cent service factor rating. 

If the equivalent circuit constants of the motor 
do not change from increased magnetic saturation or other 
cause, and all fixed losses increase as the sspare tf the 
volts per turn, all the eferaetevistie curves of the motor wiU 

retain the same sha:3es. 

The per unit output of the redesigned motor is 

obtained by multiplying the output scale for the original 
motor by 1/a 2 , whore a is the ratio of the new to the old 
number of winding turns, the new full load characteristics 
being the seat as at a load a 2 oa the original motor. The 
rated load In horsepower is a ssumed to remain the same in 


all cases. 

By this process, the efficiency and, therefore, the 
total losses and temperature rise at rated lo»d will, be slight¬ 
ly chugged fro® their original values. A. limit is set on 
the stepping up of the tor owe with seduced winding turns by 
the excessive increase of the no loud current when the magnetic 
flux density is Increased byond the saturation 'point. *or 
low speed motors particularly, there is a definite value of 
volts per turn of winding beyond which a further increase will 
reduce Instead of increasing the breakdown torque, for fixed 
magnetic dimensions. A further limitation is set by the wmpU 
increase in full loud current and temperature as the maximum 



£P^ZCIE3iCY point is brought feayond the point of rated load. 

10.?. iiiiMii&^^ 

The general use of protected motors with different 
degrees of enclosure suggests th t their permissible over¬ 
loads should also he determined. Present standards allow 
SO degrees centigrade rise by thermometer, for splash profit 
motors s and SS degrees .centigrade for totally enclosed and 
fan cooled designs with a service factor of 1 instead of 
1.15. The extra 5 degrees centigrade for enclosed motors 
is generally understood, to b# allowed because of the smaller 
difference between ths hot soot and the measured temperature 
than in open motors. The’ standards imply,, therefore that 
all fully protected motors will here a hot spot temperature 
rise at rated load of 65 degrees centigrade, or practically 
the same as that of the standard general purpose motors of 
th© open type at 115 per cent load* 

Hence the curves for the general purpose motor# 
apply equally well to enclosed motors if the actual loads are 
divided by 1.15 or if the rating of the enclosed motor is 
taken as 3? »®r cent of the name plate value. 

It is very desirable to build protected and open 
type actors is the sane fraise sis# and with interchangeable 
ole rae ter is tics | and It may be urged that the exclusion of 
dirt, excessive moisture, and ofer protectfcon to insulation 
in enclosed motors Justifies a higher temperature for th® 
saa® service* It appeear# probable tbsfc new insulating mat©- 
gilals may permit this in future, but further-operating ex- 


133 -.’ 




experience records should to® obtained before tim standards 

are changed in this respect. 

In usual enclosed actor designs$ fewer winding 

turns and larger magnetic dimensions are employed than in 
omn motors, to reduce the copper losses and temperate®*. 

Hence, such motors normally have s little higher breakdown 
tor cue and starting current than omn meters, and they are 
even better adapted to carry short time overloads* For 
this reason, and in view of the presumably longer Insulation 
life at a given temperature because of moisture ami. dust 
exclusion, it is suggested that service factors toe availed 
to enclosed as well as open motors. While no specific re¬ 
commendations are now offered, it is olepr that the inherent 
ability of an enclosed motor to deliver short time overloads 
will be utilized in the long run, and standards os operating 
recommendstions should be prepared to facilitate this. 

the cooling motors for hermetically sealed refri¬ 
gerators, enclosed gas ouaoa and other built in applications, 
is entirely in the control of the user. Temperature rating 
standard© do not apply to such motors, therefore, and the 
operating temperature mf be anything that the user*© experience 
justifies. By adhering to the proposed breakdown torque and 
startin'.; current rules, and normal efficiency values, to waver, 
assurance is given ' thnt the motor will have the torque ability 
represented toy' the name plate horsepower. With improvements 
in insulating materials such torque and starting current rating 
methods may toe expected to supersede the temperature system 
to an. increasing extent. 
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notes fhe following classification is made on that adopted 
hy the International Electrotechnical Ccwaiasioa la 19JS, 
bat is amplified to take account of recent developments ia 
insulating and impregnating materials* 

Classification of Materials i for the our .-ose of this 
standard insulating materials are classified in the following 


ways s 

Class 0. lot applicable to this standard. 


Class A. Cotton* Silk, Paper, and similar organic materials 
when impregnated or immersed in oil* also substances known 
as enamel* oboresia and synthetic resin coatings applied to 


conductors* 

Class B* Mica, asbestos, glass fibre and similar inorganic 
materials in built up fora with organic binding infest* ea* 

A small portion of Class A materials may be ased for the 
structural purposes only* Class 1, -lies, abbestos, glass 
fibre and similar inorganic materials in built up form with 
bidding substances composed, of silicone compounds In rubbery 
or resinous forms or materials with equivalent properties* 
Such materials will permit safe working temperatures higher 
than are permissible for class ft insulation* For the time 
being they are broadly cohered by the d ealgfiB tion ’’Class T-f 1 
for which working temperature limits hare not yet been fixed* 
When they became' g@nral.ly available and their limitations 
ere established the standard will be aeordoriately extended* 


A minute proportion of Clast A 



be 



used only where essential for structural purposes during 
manufacture* 

01ass C. Hica, without binding materials? porcelain, 
glass* qparts, and otter similar materfels* 

10.9 Tempera tore Measurement! « 

Roeongised method of measuring temperature* 

Three methods of measuring temperature are recognised fey 
this standard?- 
Thermometer Method 
Resistance Method 

Embedded temperature detector, method* 

Thermometer method * 

Wi»n using method* the temperature shall be 
measured by thermometer spoiled to the hottest accessible 
surfaces of stationary parts during the test period and fey 
other thermometers spoiled to the accessible surfaces of 
rotating parts as mm as the machine is stopped after the 

test* 

The term 1 Thermometer * means mercury or alcohol 
bulb thermometers but at the option of the manufacturer 
may also include thermocouple and resistance thermometers 
when applied to the surfaces accessible to bulb thermo¬ 
meters. 

In all cases fee bulb of the thermometer? except 
at the point of contact shall be cohered with a pad of felt, 
cotton wool « other non-conducting mated al l/8is. thick 
extending at least 3/4in* every direction from the bulb 
and pressed into contact with the surfaces to which this 
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is implied, to prevent loss of heat by radiation w& v 
convection from the bulb* C «T*7i« 

Tie a is tones Methei* 

ta this method the teaprature rise of the w lading 
shall he determined by the increase in the resistance of 
the wind In ; : ;s, Wcwsver, if desired a check may be mas! a fey 
thermometers applied to the accessible surfaces o* the 
wtatngs and the temperature rise thus determined shall 
not exceed the Permissible limit specified for the resis¬ 
tance method. 

The temperature of the windings as measured by 
the thermometer before eoaiaencisg the test should no % 5jiu6l ‘ 
from that of the cooling medium* 2h© initial resistance 
and initial temperature of the windings shall be measured 
at the same time# 

Since the resistance of copper over the range 
of temperature referred to in this standard varies In direct 
proportion to the temperature above minus 234.5% the hot 

temperature is obtained from, the following formula: 

tg * C % + 234.5 ) - -34.5 

Hg « Resistance of winding hot 
H x a Eesisinac® of winding cold, 
t 2 m t® moerature of windings hot, o.c 
t 1 * temperature of windings cold oc. 

Since the increase of resistance of copper for 1 
centigrade degree change in temperature Is only about 0.4 


percent .aecial cars aut be totem when maturing the tes- 
cerature of'windings *y mthad to ensure that aooaratus 

and wthods of adeorate scur c/ a. 1 * etaoloyed. In *»-ntn * 
ahosa tewwratores my ehenge vary raoidly after shutting 
Sown ( e.« Water cooled msbinra) sda-sua :e ~ '««•« of 


m& $sa is also aecassary« 

fo' determine the?- temperatures of the wishing* 

Vheo hot, an accurate of resists® and ®«®- 

elated tmenifeir* wt he taken whaa the windings s’e 
cold. Special precautions should he taken in the cate 
of large machines In view of the inaccessibility ®f the 
windings and the posslbUty of une-pal temoaratures In dif¬ 
ferent parts of the machines. ‘Jhese sold readings should, 
therefore, be taken after the mebtae hns bean standing 
for sometime, so that It my h va assume the tannerysure 
of the su-rounding utaos here. In the esse of larger 
machines this length of time may Mite well he 44 HKt* * 
larger, and in engine rooms which are sublet to fluctua¬ 
tions of temperature, further precautions will he necessary. 

:n the maauwmnt of rote winding -esistanc* 
the brush contact resistance is appealable and should e 
eliminated. Tn order to do this a stoical br,sh nay be 
used which is s insulated from the rest of the brush gear 
and serves only to carry the small voltmeter curront from 

fell® surfs©® <®P tb® slip ring* ( 

Safeadded immature .tetaetws are thermocouples 



Milt in the mao’i m during construction 'at joints which 
are inaccessible when the machine Is collated, ***» 
terras does not IfieM© the necessary measuring instrument*. 

When the internal temperature of a mac - in© is to 
he measured by embedded temperature detectors, at least 
six detectors, suitably attributed around tie stator, shorn. 
be built into the machine* All reasonable efforts consis¬ 
tent with safety shall be aade to place the embedded t era- 
» ratU re detectors at the various points at which the highest 
temperatures are likely to occur. At least three detectors 
shall be placed between the upper and lower coil sides 
within the slots and aidway between radial ventilating 

ducts, If any* 

Time at which temperatures are to be taken. 

The temperatures of a aacM.no shall, whenever 
possible, be taken during working as weU as * fter stopping 
the machine, the highest temperature thus obtained shall 
be adopted. When successive aeasorewite show Increasing 
temperatures after shut down, the highest value shall be, 

taken. 

If the initial interval between the instant of 
cutting off the *ower and the mac" in® coming to rest is 
considerable, corrections, by means of extrapolation of * 
cooling curve, shall be adapted so m to Obtain as nearly 
as practicable the temperature * the instant of shut down 

. <.T.9) * 

lo. 10. ga ss&aa a MS &M * 

Comparison of French, British, and Serwn with 
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American standards pewals csosIdtpaW# dii' awacas Ll 
both toe quo and tempera tar# Units for general pur .x>s©. 
e.c motors. a® quantity of work perforating ability 
measure?! by one contiououis horsepower of motor rating 
cannot be accented as ait international standard, there! or 
but mist be evaluated byreference to the customs in the 


country of origin. ( 1*6). 

All four countires give general ourmsa Indus* 

trial motors a single continuous rating, United by tem¬ 
perature rise. ?he first three countries a'*low a maximum 
ambient temperature of 40° centigrade, but the devaen allow 
35 degrees centigrade ambient. American end British rules 
for open type motors specify 40 degrees centigrade ri^® 
by thermometer; while French rules specify 5b degrees can* 
t,Israels by resistance, or SO degrees.centigrade by thermo¬ 
meter if resistance mensuremonts are not practicable, ^nd 


german rules specify 60 degrees centigrade by reststance 
or thermometer• whichever gives the higher reading, -m 
all eases temperatures are measured before and after shut 
down, the highest reading being taken and no tolerances 
from tbs guaranteed values being allowed. 

For these ooan tyoe low voltage motors, it te fair 
to say that the hot soot temperature rise is not mo e then 
25 per cent above the thermometer reading 12 per cent above 
resistance asasurcaeots. ha this basis, the hot spot tem¬ 
perature rises of the four motors at rated load will be 50 
degrees, 50 degrees, 62 degrees, and 6? degrees centigrade 
respectively. Ta continuous operation at full load in a 



40 degree centigrade ambient, therefore, the American and 
British motors win have a life expectancy of 35 years, 
the 'french motor 10 years, and the German 'motor 8 years, 
assuming the same design margins over guarantees • American 
special ournose motors, or general parcose motors operated 
at tfc&ir 115 oor cent service-factor rdttng, however, have 
the same temperature rise and the ten-year life expectancy, 
of the french motor- Tn a 35 degree centigrade ambient, 
the se periods would all be increased shout 50 per cent. 

For totally enclosed motors, the American rules 
allow 55 degrees centigrade rise by thermometer without 
any service factor, and the British allow 50 degrees centi¬ 
grade while the french end Germans keep the same 55 and ©0 
degrees rises by resistance allowed for open motors. In 
a 40 degree centigrade ambient with continuous operation 
at rated load, these correspond to life expectancies of 
five, ten, tea and six years respectively, the American 
having the shortest life in this ease. 

The five degrees spread between open and closed 
motors under the American rules may fee justified techni¬ 
cally on the grounds of a lower tot-soot diffrentiel, slower 
deterioration of insulation frests other* causes than temperature 
in enclosed motors, and the frequent use of these motors In 
outdoor Installations at lower ambients, it is economically 
sound, because it is relatively a great' deal more expensive 
to lower the temperature of a fully enclosed motor than of 
an open actor, and because it facilitates interchangeable 



mounting dimensions for open and closed mors* 

The inherent, or short term capacity a motor 
is determined tsy its maximum torque, which is quite inde- 
pendent of the temperature rise. for a true comparison 
of an induction otor*s ability to handle all sorts of 
loads therefore, it is necessary to know its breakdown 

torque. 

The American and British rules both specify a 
minima of 200 percent breakdown torque* or 100 percent 
overload torque, for standard General-Pnrooae Industrial 
Motors. The french rules require only ISO percent, and 
the Berman rules 160 per cent breakdown torque, on the basis 
of continuous ratings? fhe french rules recognise seven, 
the -British two, and t’r® Herman four kinds of intermittent 
or short time ratings, for which 200 percent breakdown torque 
is required by all except the French rules. Hone of the 
rules prescribe any starting current limits for industrial 

motors. 

The breakdown torque values, which are the best 
measure of magnetic dimensions and mechanics! ability, indi¬ 
cate that the standard American, British, French, rad Herman 
continuous-rated motors have relative sites of 100, 100, 75 

and BO respectively# 

The American, British, and French all have special 
rules for fractional horse Power motors, which cover motors 
smaller than on® horsd Power at 1530 r*o.m. one horse pmmr 
at 1000 r*'p*»* and 600 watts, respectively. American rules 


*► 1 :4&2m 


ore scribe the same breakdown' torque and temperature limits 
as for larger motors, except that 175 per coat breakdown 
torque is required for single tshase motors. British rules 
require only 125 percent breakdown torque for ^oly ^has® 
add 100 percent for singfe phase motors. They also extend 
the 50 degree temperature rise limit to include drlp-pooof 
as well as totally enclosed motors, keening 40 degrees cen¬ 
tigrade for open motors* French riles provide a special 
"domestic” service rating for fractional motors, whichis 
defined as equivalent to- continuous service at two-«iirds 
of the name plate horse power, implying a breakdown torque . 

225 percent of the continuous capacity* The French also 
provide a high temperature rise for all fractional hors® 
cower motors, 65 degrees centigrade for continuous rated 
motors, and 35 m* degrees centigrade® for domestic motors* 
for temperate climates, the latter on the basis of a maximum 
ambient, temperature of only 20 degrees centigrade* 

It is thus evident tht continental standards call 
for materially smaller motors for a given continuous rating 
than American and British standards. 

R. banglois-Berthelot has written a comprehensive article 
on the temperature life of electrical machines, including 
an historical summary of the .subject* His views on the 
normal life of the Insulation are summarized in the following 

statements* 

tfe shall take ***** the ( hot spot) temperature ) 

Q ( f t rating purposes) as that permissible la a machine to 


avsutae In practise a norm! Ufa of IS to 20 ./ears ana we 
shall assume as a fact df experience that this normal life 
is eequivalent to continuous operation for 2 years, or 17090 
hours* at the neaciwiffl temperatur®§ so that • • • • ® will 
correspond on the Insulation life curve to a life of two 
years. These are the average normal conditions which take 
account of the usual variation of ambient temperature an! 
of load. This interpretation of the temperature © confers* 
to experience with machines and to the opinion of known 
experts who ha v© been willing, to express their views* 

this point of view that the standards ought to 
set temperature limit* to give long life under average 
conditions of reduced load and reduced ambient a• rears 
fundamental in continental standards, in strong contrast 
to the American view ooint that the rated temperature should 
he low enough to assure a long life In rated load operatise 
at the maximum ambient temperature. 
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miOPUCTT<>:* « 

The Motor with a high capital cost my have a low 
running cost due to the increased effic leney resulting 
from the tetter qualities of the materials use 5 . A machine 
my have a low capital cost aril a high running cost* the- 
critically any increase in the efficiency (and perhaps 
also the "fewer factor) Is of financial advantage to the 
user of g motor* and the capitalized value of the annual 
saving on the cost of the Power is available for the addi¬ 
tional cost of a motor designed more liberally to secure 
the increase* So the designer must adopt a via media so 
that the user gets the maximum economy both considering 
the interest on the capital cost and the running -feswer cost. 
Xhen only the design can fee a prospective competitive one* 

So the process of design is to- obtain the dimensions and 
electrical particulars at a machine to satisfy a given spe¬ 
cification covering horse Power* speed, temperature rise and 
condition of service* ^or standard Motors the designer ® 
task is considerably lightened by routine methodsof using 
tabulated data giving the approximate values of quantities 
that would otherwise have to fee calculated* the trend of a 
design should fee towards greater and greater output from a 
given mass of materials, and this can only be affected by 
scientific design and proper proportioning of the machine. 




The formula for effective value of induced Voltage 

lS -8 

E a 4 Kf Kp Kd c f 0 x 10 Volta (1) 

?fp 

If the hypothetical total flux ~ "~f&~ 

S x 10 8 10 s 

4 Kf Kp Kd cf 

5 o 10 8 

and 0 L , ~ -——-~~-- 

4 f Kf Fo Fd c fd. ( s > 


If I is the no. of conductors No. of Coils C * N 


and f 


n * 
120 


0t w s x 60 x 10 8 

n N fd f 4 Kp Kd kf 


The form factor Ff, the distribution factor Fd flux dis¬ 
tribution factor fd depend only upon the number of slots 
and shoae of air gap flux distributed curve. Those factors 
can therefore be combined' into one factor called winding 
constant. 

Cwm « Kf Kd fd. 

^ 3 x 60 x 10 s lines (3) 

0t « . . . . . ...— 

n 1 kp Cwm. 


Outmt horse Power 

* II x Q ff -F ?QfWj3g Factor. 

746 (4) 
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m fc 
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Where T 

Us? » s qecifie magnetic loading 


g m B~ 

jselfie electric loading 


E « ). 

►95 allied Voltage V 

hep * 

TT D 

TT 0 go 


44.75 x 10 11 

in 


4.54 x 10 11 

h* o* 


lg7“i.' cw. if? x pf* 

rf In 

te 

4#S4 x 10U „,.—-- 

Watt Cutout 

7 # 46 Bg* g* cw off.p.f* 


Equation (6) can be taken ass 


D 2 lu 


Co 


Watts Output 
Where Co * Out M% 

11.13. gmJSM BMSMMl 

In an Induction Motor Bg. diroctly Influence the core 
loss and ■wgnetlslne current as this has an Important effect 
on the Power factor.g determines to a large extant I *a loss. 
Ths flux density in the air g op generally lie between limits 
25000 an! 45000 linos/ Sq.in. 

*>roner winding distribution will reduce hariaonies of 
low order so that their effect will be small. The number of 
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tons per pole nay be distributed according to Sine 

The winding distribution factor for concentric type 
is weighted mean chord factor and is cslcaluted by mitt- 
nlying the chord factor of each coil per cole group by 
toms in the coil and dividing the sum of these products 
by the total number of toms* 

The Capacitor start Motors retires an auxiliary 
winding in the Stator or addition to ski in winding. ihis 
winding is Provided at 30° with the Main winding and has 
a smaller conductor. The auxiliary winding mm be arranged 
and distributed as explained for the main winding. 


11*3, 


?TOflT. QESI5S, 


naslen calculations of i h.p. Capacitor Start Single 


'“‘has© Induction Motor# 

11.4. staffoWfc 

Pull load output * i. h.p. Supply Voltage 330 Volts 
nt 50 cycles. The full. Inad efficiency and Mower factor 
should not he less than 6Si5 and 603. The Motor mist 
have a looked Motor torque at rated, value not less than 
3013 of full load torque, with a locked Motor current not 
over 36 araneres. The te-ioorature rise Is not to he 
above 400 o for continuous duty and full load Sneed not 




ss than 14.25 rpm* 


m&-dm Is to hw designed for the given Standard 


Stagings. 


Watts Out :: hit « 3?1 Watts* 

The number of W for 130° Synchronous r om 
Watts / T a m = _Jgl_ = 0.S48 


D a T, 


Tha outsat co-effie lent Co fro-sfigure Is 800 

* ; 230 x 373. _ 

~~1500 

Bora diameter 18 3*5 n 


r, « 2 )0 x . 

1500 x 3*52 


4*0 W 


IMMI 


Teeth Width 


0/64" 


Assuming Stacking factor of 0*05 

, r» ...» *i•» 0. ic 4*25 x 26 x 0*08 

Total tooth Section * x 

* 16 sq* Inches* 

y„r a flux density of 105,000 Unas 10” in the tooth. 

Total flux ft * 105,000 x 16 • 1.6S x 10® lines. 

Assuming a wine of 0.795 for owm turn equation (8) 






t&tett number of conductors in series for main 


ad, lag* 


„ o 1 10» 

® iwirar.ir-iM 

2 f cwm f&. 


era S o-n be assuiued to be 0.95 aonlled VoVtae* 
4 x -30 x 0.95 x 45 x 10 8 

. , iiiwi ii nr-1 -mrr—-i - a * 

Ju ~ 50 x 1*68 x 10° x 9.795 x 0.637 


930 turns. 


®m 


fhe turns in series oar pole * .g x 4 ” 

» 119 op 120. 

Total nuaher of Conductors - 1®> * 8 = 963. 

A. readjusted W.ua of total flux for chan job in 
winding constant and conductor is 


S 1*68 x 10 w X, 


t 6 x 030 x 0.795 ,, * l* 6 s 106 


969 


0.3 


flux 


density in the tooth * 19009 lines/'° 


m 


Use Current * I * ~ _ - „ * 

0,65 x 0*8 x a 


a 3.9 A 


Assuming o current denelty of 3303 W / e,. in area of 
Stator conductor is g ? | |g§— ■ * 9.0013. 

, rOT «ire tables nearest gauge is 19 S.W.8. -« «• 
of cross Section * 0.0012569. 

TO obtain a high value of eaace factor enabled wire. 


were used* 



The Slot areas is 0*166 

s «a factor in the Slot in which no. of conductor fe 
aaxinMJ« i® S3 Conductors* 

* fia it O.QQl^&L . * °* 4 
0*166 


stator 'joke*,. 

Sts tor Staging, has SS Slots and ?©fc® depth I» 3/3 

nuae / ^ole * 1*6 x 10 S x 6*637 * 0,56,000 lines 

4 

Yoke Depth * 3/8’ 


rt <* n«AC(; section of St?!tor yoke 
Active iron area oi cross.® *stjv «**.«»» 

at j|. x 435 x 0*05 ** 1«^ s l* 

• Yoke Density « jmM- - *6,000 lines /si.Inch 
^ # « 2 I 1L# %* 


ll r ,?e Bf).lBl 

Shaft Diameter 
20 rectangular Slots* 
gap length lg» 


3/4**, Cor© deoth 5/0* 
a ,005 + *00035 D + *00X1* + &22|£ 


Where V is the perepheral speed in feet/ ‘ } ®® 

■ .005 * .000® % 3.5 4- .001 * 4.25 4 .003 * 1.37 
* 0.0145? inches. 

Taking gap length 1® 0.014S " 

tiotor diameter - 3.6 - 0.08* « 3.ATL Inchss. 


Rotor fear is rectangular Section 5/l'3 n x 5/16 

tf afe is cross sectional area of fe*r* ®r ls cross 

_ .» ^ r current* 

sectional area of ring and Ijj 

the bar 83 80. of tars a.!1.8. currant in the 4log. 


T x 


X2 -Ij 


®2 Ife. 
TV? 


"12 a 
TP • 


« 33 x 

IT" X 4 


sane current density* 

T2 Ife s tfe 
PTfar afe 

• area of c* s* of ring ® 

' » 0.078 sq. in* 


So cooler' ring section can fee * S/iO * i 

,, n ? m1nsr - 3*47 - 2 X 5/16 » S*8^ 

Outer diameter of ring - 

Inner diameter » 2.S46 -h 2s 2 ' 346 ” 


Mid tfe 


of rotor teeth at 1/3 ht. fmnroot <t teeth 


TT y 2>346 


0*29 


Rotor length * 4#& 

Stator leakage factor » 0.95 

Sectional area of rotor tooth * 3_) .* ,29 x 4,5 % 
flux in tfe# tooth « 1*6 x 1$ 6 x * 95 


Rotor tooth density 


1-5 x 10 x *95 - 
'-29'x 4*5 x *93 x 


83*000 .cm# / sq. 


SSf CWf 






(33,630) 


III* gap density 


a 1.6 x IQ 6 . x cyH 
*n* x 3.471 x 4»i-.5 


a 38,630 Hass /si.in. 


ItotOF cor® radial depth « S/9 tnehea. 

loior Cor® density « .— 

2 x S/3 X 4.5 x 93 

' x a 42,000 

i'iatlo of Stator Slot opening to air flap length 

■st 1 “ 4*3 

16 x *0145 


Cart®?*$ coefficient 




apparent co 


-efficient to take into account the 


effect of teeth Is Ks 


1 is 

wt f d.lg. 



* 1.14 


Total gap co-efficient 
So virtual airgsp length 


SB 1.14 
SB Ks xlg 
s 1.14 X 0*145 
st * 0165 


11*8 gator OmsStaa iMs. 

stator, win d ing .reslstancMJ , , 

The length of half neaa turn for eentine^tr of "he 
coll 'per pole of a concentric type windings 



Where As * deoth of slot* 

the winding distribution shown length of 2 naif mm 


turn is 

( 4.2. (3«IL _±, 

28 


x g + 4*25 ) 24 = 131 


( *605 x 4 + 4.25) 43 * 33? 

(*605 x 6 + 4.25) 53 « 4 1 ? 

^ mm am-mm'* 


Length of mean turn Lsa « |§| 


gauge wire fron 1000 yar^s - 
Resistance of ssaia winding at ?5° C 


7 Resistance of 1^ 


10.430 oh •is. 


Ei’f * 


Total length j 


7 x 960 X 19.439 X 1.8 = *•* ohs,S - 

1000 


186 yards. 


lesistance of Si* cage 


Rotor is calculated as follows 


lh ss 4.5 + .625 4 .25 * $*&* 

Total Resistance of Sq« cage tars * ^ W a ^“ 

When r is soecifie resistance 

wt of two end rings * |UfJ£- r 

10 as* 

Total resistant. of squirrel eage winding Is 
to total ooTisr loss by currant squirred and 1* 


16 H2 J^, 
10 6 ah* 


6 b 32 a 
IQp ah 


+ H2 2 2 TT 5®r_ 

- n^pJT - " 10 6 ar 
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* o# 


* .SIS (5*5 4- 
a 5.5 x 1*5! * 6.6 ohms. aW5° C 


Raad sanegi, 

Xa a 2 pc m 2 cww- X IQ* 8 

E 4 . ss - Fsr ) ohm* 




















and Saturation factor of fs * 1.14* 

v _ 1.85 X. «6 4S 3C A»B6^JLJb35 

' " O.cS^X iTSf X 4 X 1*14 


189 ohms 


total leakage .reactance XI ♦ a 2 * x ** 

« 4*44 * 8.5 ^ *85 » 13*79 ohms. 




169 4 - 6*9 « 175.9 ohms 


KO * 




0*96 


are loss; 


vol^o of Stator T ,*th n < 0.394 r 1/16 x* 9/164 
* 17/133) 38 x 4*35 X *93 

* 11 cubic inches. 

height of Stator Teeth: a 11 x 0.273 a 3.08 lbs* 

loss/ lb for density of 103,000 is 4 Watts. So 
core loss in take for fundamental flux 


Wave 


4 x 3*06 » 12.24 Watts 


TT e 5 7/10 )» 4. 

~ir~ 

4*25 x 0.93 


Volume of stator core 


Weight of Core * 5.9 x 4.25' x 0.93 x 0.278 * 6,5 lbS * 
core loss ->er lb. for flux density of 86800 i 2.6 
Core loss in yoke . 2.8 x 6.S - W Watts 

Total 1 core loss for fundamental wave « 18* 12.24 

a 30.24 Watts* 


Taking into effect harmonic fluxes. 


Total care loss 


)*M x 2 


P.4S ’ latts. 


friction and windage loss will deoen-i on this ty ee of 
tearing and for all hearings it is considered to he 3 .SS& 


of out out of .10 tor. 


So friction and Xiadage loss 


12*6. 


lotal no load loss: 12*6 * 60*41 


3.5 X _x ?46 

W ~12 


73.03 


Qftrforoaiice 


operating characteristics are calculated by analyti¬ 
cal wfchods prepared by folnott. 


Auxiliary. ■dlM lngx 

The auxiliary currant is opaned aftar rotor has 
attained anproxinately 75* of normal spaed. 


1<3 *s 1*83 p7 5 ~* &_ 

f 


aw ( ta m - 


* aim’Otis - Xc) 

X1M®) (da s + (XXa-Xc) 

...... (13) 


Xc « Xca *,,,,^ 1 .^ (^® 

Ml 


(14) 


. .*+«*. and low Starting current 
obtain a snail capacitor and -« 


1.2 was selected* 




X m 


Ho* of turns in auxiliary winding 


« 


y JH ewm 

ewa 


«*&»? wind's g constant of 0.86 for cwa 


Asm* - v 


**« .» I,*! x 9 6 a *8. 


1080 


35 


1C 


« a 


Ho* of turns /pel® * 

distribution turns / coll ar® calculated. 


For Sinusoidal 


binding constant 


; s o f e2S-.jL- a aLA . 


136 


* 0.87S 


a 


£1.876 X 135. * 1*^3 

“Cs %1M 

turn 1® calculated as before 


tieugtft of bait s»an 

Tat * ?* 4 ~S* 

After jweti*ln«ry calculation of starting toriua the 10 
auge wire is chosen* 

total length of auxiliary winding: 

« 7*45 ii aLlLi. * 223 jrards* 

; i8 « "f 1,WU! ‘ 

« 13*25. 

total Winding Resistance: 

a 4*26 + 6*6 + 10M 

Rotor resistance in the auxiliary winding 
Era * 1.23 2 x 6*6 * 1*0 ohas. 
fatal average winding resistances 

» 13*26 4 10 * 23*26 


4.60-: 


lt*X 




al leakage reactance in terms of atixlli.’- ?y ’find-*W* 


Mala * 


1 # 2# * 13*3 


Winding leakage rotor ianedance* 


13*?9 2 -T I0,92 rj 


Rota? culvert 1c the 


winding * jg 


Cooper resistance for mxlmm Starting torque 


13.03 


of ©q:i. (13) 


20*3 + 23*25 X 3*3* 


ipscitanc# la mierofarod 


33.9 


H w 10 


* no n 


0sins a 


Standard density of 100 p* ?* 


Xc « 31 *32 ohm* 

The iaaadw.ee or auxiliary "lading with capacitance 


in series 


Za T » » ..«•» 


* (XLa - Xe) 


23*95 S + C3%BS 


rif 

29,g)" * 35*7 ohms* 


locked ho tor current in auxiliary winding s 


8.95 


25.7 


Current density in auxiliary winding® 

as a.95 * 14300 amos / »*t* in which Is a 


reasonall® value* 

the locked rotor current in the line for Both 
winding is Parallel* 


Ifil 











slota 




Slot mm*m 


stato* a* 
liarr 


now 


sUnftlnc 


6/32” * 
5*4? 


.©etiaft 


19 SttfWWP* 

• 0001964 * 
3®00 


c<m4wri&®* si*® 

CongttOt®* «*** 

mm*®* m* 8 i* in ' 




$&««# &«*• 

lai ring »*® tloa 


:oa«@mt©^ It* 




Ga:? l&ngth ' *0145** 0 a; 3 ; 0 o«ffietsi»t 1*14 

fatal nmz i.€l * 1# 1M ' . 1*^3? 


$*!**.** mb’ ** +*# «*fcr**w u*0 mmum «#»«# j -*w •****? ««• <«* #**«*** m m***-***! m***-*#'**"# ■* 

: ■ , ■. Dwiitar 


.«*.»#W*^aw*** ** *I B # .w i t** w***i«**^***.sw-'****«*> «#* w«« aMMit'**.«(«^“df *•»**'* 




f^le mtefe 
Ifltts p®S»® 


% . mm *m mm m ■■**. mm m m m-rnm m*m 


Mgh% mm laws. 


m *z0-*mm mm mm 


St tor *?6ath 

nm 

103*090, 

3*06 

stator tp-m 


sosoo 

, M 

Hotajp ***ih 

4m 

oaooo 


•iotop 

. s# 

46010 

"*• 

A,IP gao 

?4« 

33690 



1%M 

m/m*m % t 


30*4 3 




4* as a* 
6# 60 


%S 


%m z m mm 


t •? 


3* 1?»6 


% 39*3 

«U «#r 




% : 


mis K 1*33 


X # SU«9 

'H 


*#w *** w* *#■ m> m m m. m «#-** * * »* #*•.'*#w* .■*# »<«* mm m ■■■m m 



Ct)f IS filUG 


• rhB db terlals that wore used for the construction 

or the machine consist. of the stator -st «t » 

. ro t,r shaft turned out of mild steel. Sal* altfce- 
lron , rotor u*t js arg alao ^ of 

ing hearings were used. oearlna 

ri« terminal hoard 1 b of hard rubier. ™ 
cast iron* In® teminai 

* * * f.%. *'ja:tj 03 ? iflSUla & 1 Oil• Cla-*i ; 

stam >lngs need rare provided with Pa> fl> 

„ , v„„o the stator clampings tight in Position, 
were used to to®p cne stavw ■ , 

anaielled wire was used. 

foy tbs itiai.il wia&dJSK * ® ■* _a 

, A«ni» 03 trauga saa^cllcd wire was * 

ror the starting winding 23 gauge ? . 

vor the stator slot Insulation both leatherold pa 

MOl , e cloth were used. For Impregnating the winding *m 

1/3 gallon of Impregnating varnish was also used. **• 

m(mA to ta gulat* the iatawoU mmmfsUm» 
cotton taps was to tnmx^ 

eoi i # soldaring * ead wa# 

and overhanging portion . e0? oer 

also used for soldering the connections. W~ 

Mlre W as used for the rotor cage. 

that were used consists of 
?hs varies ajsplicu®®® . . 

... rtviiliui machine spot welding aachln®, 
lath®, shaping mac m * ' welding plant, clamp- 

electric hestsrs, soldering * 
ms press, set spanner, adjustable spanner 1 


1S ' Z ’ Ufl 1 ' 1 ' 1Vl ,n '’’"^h’lH^sM.blsd inside the frame 

*" 5 “ nehing8 to avoid the slight overlaps. WMle 

having a W ^ /!* 1 means of a carpenter* 

compressing the *ator stamp n 
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,.,los SOOT teeth at the ends may band outward. To a*> ld 
this there mat be two and plates of about 1/3" thlok- 
noss. To start with the assembly, one of the above two 
plates was placed first. Then one by one .tenpins* vwa 
placed to a length which weald be greater than the neces¬ 
sary core length by about one centimeter. The stampings 
wars then pressed together by naans of cleans at three 
or four places. Channel shaped clamps ware made from 1/3-' 
thick metallic strips. A screw a rrage mt also was made 
on one side of the above strip and it was tighten*! to keep 
the damps tight. Afterwards the stator was painted with 

insulated varols*w 

m m 3 csaffiaMmjaLJS&osSflt* 

Before stacking the stampings on the shaft It Is 
necessary to provide sn end plate to prevent the stampings 
froa fanning out. The end plates were made out of cast 

ii»'On 1/8” thick* 

one of the end plates was slipped over the shaft, 
yew stampings also wars stacked over It and two of the rotor 
rod* were Introduced for proper alignment of the holes. 

Rotor stampings were then stacked one above the other until 
the length of tha stampings was 1 cm.. In excess of ths 
desired length. Daring stacking care we. taken to see 
that there was paP« Insulation betaeen every pair <* ***’ 
ings. There afterwards these stampings were pressed to¬ 
gether by using a carpenter's clam? and then In between the 
vice until the stampings were well tight. Then they were 


sluspfct if* 



ROTOR 



gauge oo"wer wire Is the nearest gang© to suit 
fete hole in the rotor standings* Th® rods were mam to 
the correct size before they mre inserted Into the rotor 

stem rings 

The copper tsars were introduced with a lj»ht force 

so ttr t the cage may not bo loom in the rotor, ffle end 
rings ware then placed in position with sufficient clearance 
ft#, the stagings. All the joints wore then properly 

welded using a gas welding eapipment. 

The next was taken up after the stator stampings 

were assembled. these are the following. *> determine 
the diameter of the rotor very accurately to provide the 
correct air gap the diameter of the stator opetas was mea¬ 
sured correct to "he one thousandth of an inch. B» Max¬ 
tor of the rotor was pitched up® to provide 59/ 1000 inch 
gan. The shaft was then mounted on a lathe using a dog. 
After cutting grease the lathe waa started and thin layers 

of metal war® removed. Snery paper »** o^ 164 at tha “ 
to get a good finish. Arter this work steps were token to 

fix the bearing. A W™ 1 f^ 13 * Ma * glvBn USl “ g 

to enable the bearing to be driven into Position without 

mu. hearing was firiwa into position 
exemsVm pressure* The tearing was 

^ ' # *K unndan harder uniformly all around, k 

by bitting with a wooden mmor m 

pin. of suitable diameter was used for this ,«roose. 

It is necessary to onaure that the rotor is p a 

4* rtiA s tator* For tils af tor 
symastrieally with respect to the s 

■. . a* ***** wvfcw was iQ8®Pt*®d 1QW 
fixing on® of tbs and cows ■ that 

the stator and measurements were taken of er 

. and the end cover was 

aid®, The rotor was then tale® out an 


removed* A spacer or ■ correct thickness was provided bet¬ 
ween the flange and the stator stamping and it was well 
bolted to prevent that one front flying off while the machine 
is ruining. the stampings were then pressed again and a 
counter sunk holt was provided for the flange which can 
slip over the shaft. This flange was kept pressed on the 
stampings before drilling the depression on the shaft. 

The rotor was than ready for use. 

12m 4. 2|n||| ujbls. 

For the main winding 19 gauge mnmmll®® copper wire 
was used and for the starting winding 23 gauge enammellad 
copper wire was used# The coils were hand wound leather- 
rold oyjrjcr and empire cloth were cut to suit the slot depth* 
A overhang of not less than 1/2 cms# was provided at each 
end. The breadth of the leatheroid paper was lust suffi¬ 
cient to cover the slot# Extra breadth was provided for 
the empire cloth for an easy handling and a final finishing 
out covering the coil completely* The paper was first 
placed in the slot and then the cloth* The conductors were 
then inserted on® by one. At times It* was found necessary 
to put a fresh empire cloth insulation when the original one 
got tom* The min coils were put first* Then the start¬ 
ing coil* 

■Toil connections were made as per the winding diagram. 
The number of notes and their polarity were determined by 
aeons of a magnetised needle. After- ensuring proper con¬ 
nections all the Joints were scrapped end soldered. The 
inter coil connections were well taped and insulated* They 
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were then soldered to the ter -ilnal legs and were screwed m to 
the position of the terminal bon. 

The winding was then to be impregnated with insula¬ 
ting varnish* Before proceedlug with the work the coils 
were dried*. Two electric heaters were kept on both sides 
of the winding* A thermometer was inserted into the wind¬ 
ing* The insulation resistance was measured* The heaters 
were then, switched on* .the temperature was raised to lGl°e 
The Insulation resistance was measured at frequent interval. 
There was a sharp decrease in the resistance initially aid 
then it started increasing. The temperature was maintained 
for shout 2 hours till the inundation resistance became 
steady at a high value* Clare was taken to see that the 
coil was not over beat ©cl. The change in resistance is due 

to 'Sweating* The moisture in the insulattion collects at 
the surface initially which slowly gets © va worsted. 

Is the meantime sufficient qpaatity of insulating 
varnish was taken -and was thinned* A large pan was also 
kept ready. After testing for sufficient time the stator 
with easing was placed in the pan and the varnish was poured 
over the winding while hot* After the winding was well im¬ 
pregnated it was left in position for drying by itself. 

After drying the mm was cleaned and new the various 
parts are ready for assembling* The rotor was taken and 
the bearings were cleaned with kerosene to remove (tost parti¬ 
cles sttk*ng on* The bearing cups were filled with grease* 
The rotor was inserted into the stator and the end shields 
were fixed* The grease cup© were also bolted tight* To 









enable th® 'Machine to fee coupled to another one a flange was 
fixed m to the shaft* The machine was then ready for con¬ 
ducting the tests* 

* * * 
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smmiLUXL 


Tests.; 


T?.l 


A C osp ,1 ©pc? ial ■i-'esfe* 


A Commercial Test on a motor is a simplified tost 
that usually gives most of the desired information about 
the Kotor* It is a test such as is taTea by oaanufaeturerfe 
or each product ion tsotor before shi»3rifc. It in the sort 
of fast that should be taken and recorded by repair sho>s. 
Such h test consists of the following: 


a. Ho£LoM. 


&£i 


Allow the Motor to run at no load for a sufficient 
time for the bearings, to mm uo.(l { > -in to 1- hr. or more 
will be satisfactory). Than msmmrn the an?pare» s ‘*»tb, 
and r.%*. at rated voltage. ^hile the motor is running, 
it is advisable to check for unusual or abnormal noises. 

Such as rubbing insulation, or dirt in the- air-gao? -also 
it should be dfe served whether or not the rotor "floats 
within the limits of the and Play. That is does the rotor 
sees to seek a position in the middle of the end -play, or 
does it crowd excessively against one bearing or the other. 
This condition will indicate whether or not the rotor core is 
properly located with respect to the htotor core. 

(b) gull load - 

Holding the out wt at rated full load torque, *.«• 
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amperes and watts ia'Sitj silso the s*• •>• '.a 
m loci? «i-ro tor and f£saMsmJ&im<?j£ 


The loe feed-rotor breakdown torques should he 
ta'kep'* The method ?j»* taking these is desert ted in de* 

%b 11 in Art > c*c* 


1 *•> <$ ^fr.-v Rn k i ¥%&<* & \ nf*4 '.-vOSt* 


’lore comnlote Information about a Motor is often 
desired* and for this reason, there are may other tests 
that ‘iay be taken as described in the following paragraphs s 


E§iIStiQCS§i- 


The cold resistances of each of the windings should 
he carefully measured and the room temperature recorded* 

Tor record ouronses, the resistances so measured should all 
ha corrected to n standard room teaoernture of -S°e fey the 
followlag for mla s 


1 s 


335 + t 


rt 


if here 1 SS^C * lest stance at 2S°C 


rt * resistance at temperature t« 


(b) Leake d rotor.•iaadlag gj 


Locked rotor readings on fractional horse power motors 
can fee taken at approximately rated voltage* the motor, 

7olt-meter t and ammeter, connected should fee read simultaneous] 
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,, 3 . t vtrmi >ir? t^iri 4 or 5 see of tbe 

arid the readings seoai.u - 

time of amplication of tbo volt gn; for the rlndigB heat 
rapidly and this hasting affect* the accuracy of the readlagt. 
« U not necessary that the line voltage ho exactly feted 

% 4 * 4 . !rl >*» €ar* 1 s UBBT U: 1 B C O -;'TQQ 

VO 1 jfcafcUt 11 SH ^ ■*=■& ^ t ." 

value, sad nil the thro' meters wot ha rean BxW't»M.A 
as s ,„n as the needles hem settled down to » steady rsacilra. 

, a . _ • 4,t,_ » s / resist?me® sfioU'.d 

Immediately after the rostlms* t » a ® hi^Aj i~ 

he qua cured and recorded. tilth split .These wtors, « so ,a- 

rete set of locked rotor readings rf hoih -p In end .'.lulltary 

windings should he taken; when the readings Ou wu.ci.u,, 

,, . n «»a ant bo excited, 

ora being taken, the other rfltKun* 

<e> 

The breakdown torpue of'an Induction aotat is »e na l- 
toroue that the motor will develop ft rated voltage end 
frequency» without an abrupt drop In e,»ed. Brent down tor cue 
is taken by increasing the torpue load on the motor until the 
actor -mills out- l.e. drone off in eseed sharply or stows en¬ 


tirely. Care must he taken to increase the load slowly enough 
so that the inertia effect* do not Increase the apparent break- 

down torque* 

✓ ^ and "*ull MLJaEMSil. 


( d ) ayti taking 

Switching tor-lie Is e term used In recent A.S.A. and 
A.I.B.S. standards to denote the minimum external torque de¬ 
veloped by a motor as tt accelerates thmgh the switch opera¬ 
ting soeed. this torque Is an essential characteristic of any 
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ring 


Xe phase motor with an automatic switehn'L 


such as a starting switch short-ct?cuiter. 
tor qua of an a*c. Fotor is the minima extern; 
veloooi by the motor duri ag the acceleration 
from rest to siead at which break down torque 


ng mechanism 
'kill- in 
ol torque de¬ 
af the motor 
occurs. 


For taking the Switching tor^ie of a ca >&ei tor-start 
motor, start with a light load, .increasing the load, gradually 
by means of the brake era until the motor ^breaks dowi 1 ' i*©• 
falls off in speed abruptly into the starting connection* 
Since the torque on the starting connection is greater than 


the torque on the running connection-, the rotor will ace©Irate 
and the switch will again o ©rate? if the brake Assam * arm 
were adjusted for the breakdown torque of the motor, the factor 
would * auapf :JUe» would pass alternately from starting to run¬ 
ning connections, and vice-versa* Tf the tor ope of the brake 
arum is slowly reduced by loosening the wing nuts, the motor 
eventually will cease camping and stay m the ruanhg connect¬ 
ion* This highest value of torque at which the motor will 
cease pumping and stsyoa the running connection La the switching 


torque. 

<o) T.oekad-rotor Tor 

fhe locked rotor torque of a fractional horse power 
motor varies with rotor position. One method of measuring this 
torque is to obtain seven or eight square Pieces of wood 3/16 
in thick by approximately 2 in square* the whole oil® can be 
sat on the scales and. the brake am set on top of the complete 


f ho tare is determined with the Hocks in rsoeI.on. 

The locked rotor torque is measured with the complete sat 
of blockss then one block is removed bat left m the scales 
and the loeked-rotor torque measured in the secono positions 
then the second block is removed from the oils but left on 
the scales and the torque again noto u and so on, repeating 
until the torcue has been taken in all the positions. ' T ’ :10n 
taking these tests, the voltage should cn hold at rated ;.iae 
Voltage, and the current should he no tad with an aatmoter and 
recorded. The readings should he taken as quickly as ooesibe 
to prevent overheating of the Motor. In the case *T Capacitor 
start or two-value capacitor Motors, the capacitor Holts should 
also he measured. Only the maximum and miiUtauP values of 
locksd-rofcor torque need be recorded. An alternative method 
of tasting is to turn the motor over onto the round mart of 
the frame, rolling the Motor slowly through ft small angle and 
noting the maximum and minimum values of the locked rotor tor¬ 
que. If this procedure is followed,the Motor should be rolled 
away from the scales so that the hearing friction Is extracted 
from the developed torque* instead • of added to it, as would be 
the case if the motor ware rolled toward the scales. 

(f) Saturations 

The purpose of the running Saturation test is to aid 
in the segregation of losses: this test permits the separate 
determination of the friction and windage, also the core losses 
of the Motor. With the Motor running at no load take a series 
of readings of Holts, amperes and Watts, Starting at 13-1 per 
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Par cent of rated voltage a ad varying the voltage downward 
until the motor loses saeed raoid.ly or unt~.i um eu.creu** 
s t a ;•;* fc s tf> t ?'ic r 8a s 0 * 

<:;} frab® ?§.£>! 

fhe our pose of the h rave test is to determine -he 
variation of power factor, efficiency* aatta, aa;*re&* 

r.o.m. with changes in loan* «* — . 

torque as possible, hold the load constant at one value of 

tor on©, and read the rfatfcs in Mt, emoeras, *.-»• - S\i i> by 
stroboscooie means, and torque, »W«t these readings for 
different settings of tor true clown to no lout* s 
oower out out is coasted. The readings may all be plotted 
against torque oragalost horse power output. 

(h) gaXlslgflfl ^.tePii MgU 

The onrpose of the full load saturation test is to 
determine how the full-load Performance of the Inter varies 
with a change l.n Una voltage. Holding the outmt to,«e of 
the Motor constant at full load, vary the a wlted Voltage? 
readings are to ha taken at seven voltages, viz. ono reading 
at ratd Una voltage, three in s to os of 10 oar ent each above 
line voltage, and throe we in steos of 1> oar coot each above 
line voltage, and three ooro in .teas of 10 oar cent each belov 
line voltage. Those readings should he slotted against Wt- 

tag©* 

(i) 

Usually it is not practicable or feasible to take a 
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a temrantura run at fall load by means of a hr-uke arm, 
for if the motor is of any substantia *»*» oower rating, 
the iambs arn tflU get too lot. end even if it does aot eoa- 
tinuous- attention is require! for f os* a hi% L. a ^d^m 
.meter is imitate, tbs wtwt torrnie can ba held sonstmit 
at i-tsd vnluo. If not, the motor can bo bsleteci un to a 
gyration or some other load, sad the load can ce adjusted 
lentil the fetts la out shoes that the ***** Is Mining 
fall load out out- Thermometers Cor thermocouples) snoa.va ».-e 
Til seed on the hottest accessible Parts of the frame and the 
primary cooper, and read during the run, they snoixM also ,*o 
placed on the Secondary eoo'.or and Secondary It-m m t x the 

i „t,„, j*.,*! Ha-'o«d tolts, fatfes, amperes, slip, and 

ran is shut down* a>.« - —» » 

temoorature etery IS min. tHwustm.it the fa.t-unless the 

>*** has an Intermittent ratios- tuntll the texture. he- 

eome constant. She additional thermometers shouM.be oce- 

heated to the expected *i.s« leiox thu ,o,.or 

and then Immediately placed In position. *» hot realstanee 

of the winding should ho recorded iawdletoly after shutdown. 

Unless It is known that the motor onerstea on iron, 
the temperature run should Ire taken with the motor mounted 


on tfood 


Also care should be tasen to shield the motor 


__ ., ,, ip i¥ i« »n enclosed motor< 

from drafts, particularly u i» - l ~ dJ 


U) sjasifcJ 


Tests' 


Dynamometers are necessary for taking a eomniete »*M 
tergue teat of a aingle-ohase Induotlon motor; neither the 
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line voltage is a 

■?i 


to s 

i value 
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«w/ ■' 

.. ightly 

above 


^ *„ h <« to ao >ly the Voltage 

>ntn'X vain®, than the orf* «en ~.. • 

. . ,,f»i j*«5i»» is iiiilCi* ly adjusted 

;j > the motor Veing tested, move* vo.,W. — < 

So r?? t«a vatu©, end the torque arid soacd are both eiisiltanoous. 

toted and recorded. Generally noeafrins, the 1©*& u " s ‘ ,; ' fG “" 

... , 4« nool^S, the easier it is to 

shan&sss yrtaea the e*e* a - 1 * 

i)’-*ain gooa wwMWt*- tsl or :eF a '^ l “ °‘ ,el! hent ’** ^ 

-.-,tor ana ttvsrefcy nl tsdnin? f I '' ir ' 1 

. ,. .. «*,->*■*»■ f«r not eoro then 4 

to aoily the 9.C. Mtej# t.3 W* -••- 

t fuet^r. the ootor must fee 

oi* 8 see for each read in., ■-..u *■ **■ .- » 

attend to cool between readings. 

3.3 Conclusion. 


The actual results obtained ftom 




closely with the results' got from the design data. This can 
be seen from the following tabulation. 
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m 

>» Details » Constants 

From Design 
datas 

Prom Test 
results 

m ** ** *»» <*m w «. <*** ** •**» -** «t» 

X. 

flairs Winding resistance HIM 

4*35 ohms 

63.3 ohms 

2* 

Start winding resistance HIS 

13.25 ohms 

14.6 ohms. 

3. 

flctor assistance in terms of 
Winding a 2 

6.6 ohms 

10 ohms 

4. 

Stator leakage reactance XX 

12.27 ohms 

12 ohms 

8* 

See. reactance in terms of 
Stator 

2.0 ohms 

4*38 ohms 

6. 

Magnetising reactance Xm ■ 

169. ohms 

178. ohms 

7. 

v „ v . X X + J -2 

x o ** x m 4 -- 

175.9 

183.2 

8. 

X * Ideal 8*0* reactance 

X X + 5a_i2 

*a ♦ »a 

1 q *7 
<*»«*># r 

16.8 

. 9» 

Kn * leakage factor 

.96 

.94 

10* 

lo load loss 

96 

80 

11. 

Friction and Windage los.. : 

13.6 

15.9 

12. 

Iron loss 

60 

20 

13. 

So. load current 

*» © 

2.3 

14* 

Full load current 

3.43 

3.5 

lit 

Full load p.f 


m$ 

isi 

Full load in ifc 

547.25wats 

57S 

17* 

Full load efficiency 

680 

64J( 

18* 

Full load Teron© 

29.803 ft 

31 os ft 

19* 

Starting Tor<gut© 

100 ojs ft 

700 oz ft 

20 

S.C# current for main phase 

13.08 amp 

10.28 

21. 

S.C* current for start pahs© 

8.95 

6.9 

22* 

lota! $.0.(starting current ) 

23 amps 

13.6 

23. 

Temperature rise 

By thermometer 

By aesistance Measurement 

40° 0 

37.5° C 

44 C 



Mo t,m& Satura tion Test Results 


?oltag© 

i tm :*m *m mm w* m»-mm turn «** 4*n «* 

Current 

•Watts. 

*tm #»»«* *»** ■**’**# '*** ’*! 

Cu« loss 

Iron, Frletloa 
and Windage 

270 

3.12 

140 

103 

37 

260 

2.92 

112 

90.6 

39*5 

250 

2.74 

110 c 5 

80.0 

30.5 

240 

2.55 

99.6 

69.0 

30.6 

220 

2.35 

90. 

58.5 

31.5 

220 

2.22 

80* 

52.0 

28*0 

210 

2.09 

60. 

48*5 

13.5 

200 

1.95 

49 

40*3 

8.S 

190 

1.8 

42 

34.5 

7.7 

180 

1.6 

47 

» f *> & 

19.8' 

170 

1.56 

40 

28.1 

13.9 

160 

1.45 

36 

22*4 

13.6 

ISO 

1.34 

30 

19.2 

10.8 

140 

1.24 

25 

18*4 

8*6 

130 

1.14 

20 

13.85 

6.15 

120 

1.05 

19 

13.4 

5.6 

110 

0.95 

15 

9*6 

5.4 


- 1 ? 8 - 


load Test 


*m *m* «#- mm Mm *m *»-**• *** *» *w <m «*- m+ **- m* *# **--«*.*.«, 68.4*. ** «*# #m *m>*m** 


Watt power 

current fas- Tq-* 
tor 


2,34 

82 

• 152 

0 

28 

290 

.328 

8,-8 

2,88 

360 

,400 

4.35 

3.5 

505 

*629 

6*6 

3.05 

395 

.562 

5.25 

3,3 

466 

.615 

6.4 

3.25 

465 

.61 

6.0 

■*3 *»#5 

O* %?i.* 

472 

.62 

<2 IS; fit 

3.7 

552 

0.65 

7,75 

3,2 

# 

550 

.75 

7.85 

3-8 

570 

.655 

7.1 

4.0 

630 

.682 

8.3 

3,9 

605 

.675 

8,4 

4.0 

620 

.675 

8,35 

4,2 

665 

.690 

9,1 

5.47 

910 

.725 

11.5 


l 2 Speed 

slip 

Torque 

osnft. 

1496 

tm **.«» ■*/#•** #*# *»* *** mm.am -m « 

,266 0 

1470 

3.0 

11.1 

1450 


13.25 

1419 

6,4 

26.2 

1420 

5.33 

20.9 

1400 

6.66 

36,5 

1405 

6.33 

25.2 

1400 

6.66 

26.5 

1376 

8.35 

33,2 

1380 

8.0 

3,8 

1375 

8.35 

33,2 

1355 

9.7 

38,6 

1365 

9.0 

35,6 

1358 

9.45 

37,6 

1330 

11.3 

45 

1340 

11,5 

47.5 


Output If ft- 


B. If* P 

*«* <m m 

per¬ 

cent¬ 

age* 

„* *‘<I,*a* 

©iency 

pereen 

tag©* 

0 

0 

0 

0,196 

39.2 

50 

m v* 

60 

61 

,445 

89 

66 

.345 

70.8 

67 

.425 

85.0 

68 

,4 

80 

65*5- 

.435 

87 

68.8 

.505 

101.1 

682. 

.515 

103 

70 

•465 

93 

61 

.535 

107 

63.5 

.545 

109 

67.2 

.54 

108 

65 

.575 

115 

64,5 

.7 

140 

58 


Host Hun Tost 




> **^. «*. «(* «W..* 

i *«* «w**w*. *mnm***mi 

fern- 



riOO^ 

Volt Current 

fl 

Tt 

Matts 

">era- 

ttire. 

8 )69il 

Tin® 

tempera - 
ture. 

w «*,*.*«» 

«*#. m*» *tfr *m *•** *m>*m ***>*& *Wfc **».*# twfc 

# .** *wt a>* sm <***-■*» 

**£ #* *.5* «»* *«S* ■*. 

—— ~ 



— — — 

230 

3*5 

12.1 

5.5 

490 

36. 

1413 

10.0 

88 

230 

V’2 

*kJM %J 

12. S 

5.4 

510 

49.5 

49.5 

10.3 

38 

230 

3.5 

12.5 

5.5 

520 

57.0 

1395 

11.0 

29 

230 

3*5 

11.0 

4.3 

515 

59.0 

1395 

11.30 

29 

230 

3*75 

12.5 

4.8 

575 

61.5 

1400 

12.0 * 

29 

230 

3.4 

18.0 

55 

500 

63.5 

1410 

12.30 

29 

230 

3.8 

13* 

5.5 

645 

66 

1390 

1 

30 

230 

3* 85 

13 

5.0 

555 

87.0 

1395 

1.30 

30 

230 

•a o 
o» --«• 

12 

5*2 

435 

87.2 

1410 

2.0 

30 

230 

4*0 

12 

5.2 

800 

67.2 

1390 

2.30 

30 

230 

3.7 

11 

4.0 

550 

67.5 

1395 

3.0 

30 

230 

3.6 

12 

2.0 

520 

67.5 

1400 

3.30 

30 

230 3*5 

11 

3.5 

rum w*-**'*# **»«*»*»**” 

530 

07.5 

1400 

«»»* «*»*****"» 1 *' 

4.00 30 
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